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Foreword 

The years 1974 to 1976 mark the first century of Alexander Graham 
Bell's invention and development of the telephone. The basic principle 
on which the telephone operates — the idea of an undulating current, the 
analog of a sound wave — was conceived in the summer of 1874 but not 
until a year later were sounds of a speech-like character heard over wires . 
On February 14, 1876, Bell applied for his first patent, which was 
granted on March 7. On the evening of March 10, he transmitted the first 
intelligible sentence. Many demonstrations of the new invention were 
conducted, probably none with so great an impact on the public feel- 
ings as that held in Philadelphia during the summer of 1876 at the exposi- 
tion celebrating the centennial of American independence. This bi- 
centennial year of our nation's independence therefore seems particularly 
appropriate for publishing a history of telephone communication, the 
growth of which has been so closely associated with the second century 
of our country's development. 

This first volume of a series on the science and technology of 
telephony covers the half-century following Bell's invention. By the end 
of that time a great new industry had been developed. There were 
nearly seventeen million telephones in the United States, almost twelve 
million of them in the Bell System. And in perhaps no other field had 
the force of scientific research in support of engineering development 
been so effectively demonstrated. 

The year 1975 marks another anniversary, the fiftieth year of the 
establishment of Bell Laboratories as the research and development 
unit for the Bell System. In 1925, it became a corporate entity, sharing 
responsibility with the Western Electric Company, the American Tele- 
phone and Telegraph Company, and the System's 24 Operating Tele- 
phone Companies for providing nationwide communications services 
and for planning, engineering, building, and operating the nationwide 
network. 

The formal incorporation of Bell Laboratories was not a beginning of 
scientific research and engineering in the Bell System, but rather a stage 
in its growth in a line going back to Alexander Graham Bell's original 
laboratory in Boston. In 1907, a consolidation of the engineering forces 
took place in the Western Electric Company and in AT&TCo. As 
stated in 1925 by Mr. H. B. Thayer, then President of AT&TCo: 

The reorganization in 1907 consisted of a consolidation [whose] purpose 
was to avoid duplication of facilities as well as to get the greater efficiency 
coming from a closer contact between the staff of the Western Electric 
Company and our own. [He meant AT&TCo.] It brought to one point 
scientific study and research, manufacturing experience and operating ex- 
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perience ... It simplified and expedited the work of the operating 
[telephone] companies in that it established one point where all state- 
ments of requirements, suggestions of improvements, or criticisms arising 
out of their operating experience could be considered and discussed from 
all points of view ... It was helpful in the standardization of apparatus . . . 

We had at the West Street laboratory (headquarters of the Western Electric 
Engineering Department) the scientists whose work involved laboratory 
facilities, the men conducting experiments, the shop design workers and the 
inspectors with suitable equipment of laboratories and model shops avail- 
able for all. The ideas of our research and development scientists and 
engineers, worked out on paper or in rough mechanical form, were there 
developed into a finished piece for shop manufacture and after manu- 
facture the product was then subjected to all the tests necessary to satisfy 
our engineers that it was worthy of introduction into or continuation in the 
plant of the Bell System. 

This indicates clearly the important evolution in research and develop- 
ment management taking place in the Bell System early in the twentieth 
century. But as Thayer explains subsequently in the same article, it be- 
came evident by the early 1920s that even greater benefits could be ex- 
pected by further centralizing research and development in a new 
organization. Bell Laboratories, working closely with the producers and 
users of communication systems: 

Now the time has come when, it seems, we can take another step forward 
with advantage. What was contemplated in the reorganization of 1907 has 
been entirely accomplished, in that the development, research, and experi- 
mental work of the entire Bell System has been coordinated and has been 
concentrated as far as is desirable. The standardization of material is in 
effective operation. The different organizations composing the Bell System 
are working efficiently and harmoniously as parts of the greater organiza- 
tion, but this seems to be the time to get still more of the advantages in 
efficiency and economy which the consolidated organization now proposed 
makes possible. 

This statement is an expression of what we have come to recognize 
as enduring themes in the maturation of technology in our business. 
First, there is reference to the economy and efficiency which comes 
through centralization of engineering and the standardization of systems 
which are meant to work together. Technical advance must be planned 
and orderly. 

Second, there is the emphasis on technical integration, the need for 
intimate contact among the engineers and scientists working on all 
phases of a problem, extending from initial studies to the complexities of 
manufacture, installation, and use. And the latter specifically calls for 
close association of planners, designers, and the manufacturer with the 
operating entities of the organization. 

Third, there is the emphasis on "scientific study and research," 
an idea which was quite new to industry in the early years of this 
century. The Bell System was one of a very few industrial organiza- 
tions in which professionally trained scientists were doing basic research 
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on fundamental problems related to company objectives. The experi- 
ence of the intervening years has affirmed this belief in the values of 
research many times over, as, indeed, this history of communications 
will attest. 

Finally, there is the important concept that our engineering and 
science through design, development, and manufacture be responsive to 
the needs of the final users — the Operating Telephone Companies who 
provide communication services to the public — and that innovations be 
"worthy of introduction into . . . the Bell System." The integrating in- 
fluence of this ever-present goal — providing good telephone service to 
the ultimate consumer — has in a very real way tied together all the ele- 
ments of the creative process throughout the Bell System over the 100 
years of our history. We have no need to cite examples in this Foreword; 
the contents of this volume will do that in what I believe to be a most 
convincing fashion — by narration of a succession of technical triumphs 
unique in the history of industrial technology — producing what is gener- 
ally acknowledged to be the most capable communications system in the 
entire world. 

There is much to be learned here, as lessons from the past, true today 
as they were in the period 1875-1925, about the process of innovation 
as it really is. It was characterized then, as it is now, by continuity of 
technical activity from basic discoveries and inventions to direct opera- 
tion in the communications network. We learned then and we know 
now, with a conviction bom of experience, that conversion of new ideas, 
devices, and systems into something actually usable is a subtly demand- 
ing, personalized undertaking. The new concepts must be technically 
feasible and economically sound, they must fit into an existing operat- 
ing plant, they must satisfy a real service need, they must be reliable and 
maintainable over a useful life of decades. And our long experience 
has demonstrated that this difficult task is unquestionably accomplished 
most effectively by the integration of technology through design, 
manufacture, and operation. In our semicentennial year, our intimate, 
daily associations with AT&TCo and Western Electric are at new, 
unsurpassed strengths. 

Imbedded in the reality of technological innovation, but perhaps not 
as readily apparent as some of its other features, is the ever-present 
competition of ideas and approaches which exists in a large integrated 
structure such as ours. And it is the competition of ideas, rather than 
the competition of an undefined and arbitrary market place, that is the 
spur which really leads to technological progress. The reader of this 
volume will see it illustrated in the search by George Campbell for a 
better transmission line. He will see it a little later in the search by 
H. D. Arnold for an amplifier to implement the drive of T. N. Vail 
and John Carty for transcontinental telephone service; in the search by 
G. W. Elmen for a superior magnetic material for coils and transformers; 
in the quest by W. G. Houskeeper for a better glass-to-metal seal for 
high-power radio transmitting tubes that could generate the waves to 
carry the voice across the ocean. 
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It was the competition of ideas that stimulated their colleagues to 
press ahead, inventing oscillators, modulators, and wave filters that 
would permit the multiplexing of many conversations over a single 
circuit. And it was the same motivation that led to transmission of 
television signals by wire and radio over long distances, and to explana- 
tions of phenomena as fundamental as the complementary behavior 
of electrons and waves — a study which resulted in the award of the 
Nobel prize to C. J. Davisson. 

There was a strong motivation then, as there is to this day, toward 
a well-defined goal — defined by the nature of the environment in which 
the work was done and by the searching spirit in a talented as- 
semblage of technical experts who knew that what they were doing 
was relevant and what they produced would be useful. 

In this, the hundredth year of the Bell System and the fiftieth 
year of Bell Laboratories, our modern world of communication is a world 
made up increasingly of digital signals and computers, of microwave 
radio and coaxial cable transmission systems, of satellites and broad- 
band transoceanic cables, of electronic switching systems of un- 
precedented speed and versatility employing millions of transistor-like 
devices of microscopic dimensions. In the times ahead, we see milli- 
meter waveguides, and optical fibers with capacities for conveying in- 
formation at rates thousands of times greater than we know today, and 
especially automata enabling efficiencies and services making telecom- 
munications a still greater frontier of human progress. 

Those whose accomplishments are described in this volume could 
not foresee these things in detail, but they laid down the principles. 
It is clearly evident to us that the enduring themes in communication 
technology have not changed. Our incentives for acquiring new knowl- 
edge and our techniques for applying that knowledge to practical ends 
to satisfy human needs were right for our first fifty years and offer 
yet stronger opportunities for our latter fifty. Thus, this history is more 
than a mere record of past events. It provides an insight into the 
process of innovation and effective application of technology for bene- 
ficial purposes. Finally, it clearly demonstrates the intimate connection 
between the successes achieved by Bell System Operating Companies 
and the integrated structure they support for providing technological 
innovation, manufacture, and field application. 

IvT. O . 

President, 

Bell Telephone Laboratories 
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Chapter 1 
Bell's Telephone 


The invention of the telephone was not inspired by a pre-existent popular 
demand. Rather, it came about largely through the ingenuity and vision of 
one man — Alexander Graham Bell. His belief that there was a great 
potential need for two-way voice communication over a distance, a need of 
which few men had been conscious, was confirmed by its immediate success 
and spectacular growth in spite of early technical limitations. 

Bell's concepts were unusual in other ways also. Even before a means 
had been found for accomplishing his objective, he had a clear picture of the 
theoretical requirement, namely, a device for translating speech waves into 
analogous electric waves. As with many inventions, luck played a part — in 
this case in the form of a malfunctioning telegraph device with which he 
was experimenting. As a result of his clear understanding of the fundamentals 
of telephony, Bell recognized immediately the significance of this fortuitous 
event and, ably assisted by Thomas Watson, constructed within 24 hours the 
first device to convey speech-like sounds by electrical means. 

Improvement in this first wave converter came rapidly and intelligible 
speech was transmitted about nine months later; the first commercial 
application occurred less than two years after the accident which led to the 
invention of the telephone instrument. But Bell's vision far transcended 
these early uses and even as these simple steps were being taken, he 
outlined his "Grand System" for a nationwide network for interconnecting any 
two users for voice communication wherever they might be. That plan has 

served as the broad telephonic objective ever since. 

The events leading up to this "Grand System" are related in this chapter; 
subsequent chapters deal with developments in specific areas that led 
toward its realization. 

I. INTRODUCTION 

During the three decades preceding the invention of the telephone, 
telegraphy had made great strides in most countries of the world an 
had established a new tempo in business, in the conduct o 
government, in the functioning of railways and in the collection an 
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dissemination of news. Continents had been interconnected, after 
great initial difficulties, by undersea cables. The telegrapher with his 
key and sounder was the respected operative of a miraculous vehicle 
for speeding important messages, both social and business; and the 
magnanimity of nature in permitting intelligence to be propagated 
with the speed of light had been gratefully accepted, if only 
superficially understood. 

To an inquiring mind like Bell's, however, even an already 
established facility held intriguing scientific aspects to challenge the 
imagination, leading him as a very young man to experiment with 
telegraph apparatus. But more than this, his primary dedication to the 
study of speech and hearing made him particularly conscious of the 
basic shortcoming of the telegraph: it did not lend itself to man's 
natural way of communicating, the undelayed two-way vocal ex- 
change. Indeed, to his observant mind, the cumbersome and time- 
consuming operations at the sending and receiving terminals of the 
telegraph undoubtedly were made more conspicuous by the instanta- 
neity of actual transmission over the wires. 

Thus was Bell, through his sensitivity to the human factor as much 
as his scientific insight, marked by destiny to conceive the instrumental- 
ity that would leap across this operational barrier and quickly outstrip 
the telegraph in popularity and usefulness. 

History shows the conceptual steps beginning in the town of 
Brantford in Ontario, Canada, to which Bell had moved from England 
with his parents in 1870 when he was 23 years old. He had shortly 
thereafter taken up residence in Boston and had become Professor of 
Vocal Physiology at Boston University, but was spending his summer 
vacation in 1874 in Brantford at his father's home. 

II. HARMONIC TELEGRAPH AND "ELECTRIC SPEECH" EXPERIMENTS 

For several years Bell had been interested in the multiple telegraph 
(sometimes referred to as the harmonic telegraph), a scheme which 
hopefully would permit a number of telegraph messages to be sent 
simultaneously over a single wire by means of interrupted tones of 
different frequencies. Much of his spare time was devoted to working 
on this device. However, this activity was somewhat of a sideline, for 
he was primarily interested in developing techniques for teaching the 
deaf to speak and to read lips. 

While engaged in these activities concerning the deaf. Bell had 
become familiar with a device known as a manometric capsule, 
invented by Koenig, in which a gas flame was made to vibrate by the 
action of the voice (Fig. 1-1). The voice, impinging on a membrane, 
produced a flickering which could be viewed as a continuous, 
wavering band of light in a revolving mirror. Bell felt that if he could 
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reproduce this wavering band of light in some manner, he could teach 
his deaf students to speak by comparing their attempts at speech with 
a previously recorded pattern. However, the difficulties of photo- 
graphing the band of light prevented the manometric capsule from 
becoming useful for this purpose. 

Another voice-actuated instrument in which Bell had become 
interested was the phonautograph of Scott. This device consisted of a 
conical mouthpiece; a stretched membrane; a long, light lever of wood 
attached to the membrane; and a bristle or stylus on the end of the 
lever. A plain sheet of glass covered with lampblack was so arranged 
that when a sound was uttered into the mouthpiece and its vibrations 
transmitted by the stretched membrane to the wooden lever, the stylus 
wobbled up and down, tracing its motion on the lampblack. The sheet 
of glass was moved along at a uniform rate, recording the vibrations 
thus produced. Typical tracings of this kind are shown in Fig. 1-2. 

In the course of his work Bell compared the output of the 
phonautograph with that of the manometric capsule for the same 
vowel sound and found that the two outputs did not match at all. This 
caused him to start searching in other directions for a possible 
teaching aid for the deaf. However, while conducting these experi- 
ments, Bell was struck by the similarity of the phonautograph to the 
human ear. He felt that a phonautograph modeled after the structure 
of the human ear probably would produce more accurate tracings of 
speech vibrations than the imperfect instrument with which he had 
been working. 



Fig. 1-1. Model of Koenig manometric capsule which Bell displayed at the 
Centennial Exposition in 1876. In this version, the diaphragm 1S a f u ^. . L. 
electromagnetic coil through which voice currents flow. In the unit use y e i 
the voice was directed to the diaphragm by a speaking tube. 
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To obtain expert advice on reproducing the structure of the human 
ear. Bell had called on an old acquaintance. Dr. Clarence J. Blake, who 
was later to become famous among American otologists. Blake had 
suggested, "Why not take an ear from a dead man and get tracings 
from the little bones of the ear?" He had also offered to obtain such an 
ear from the Harvard Medical School, and Bell had accepted his offer. 

Bell carried this human ear with him to Brantford and during the 
summer of 1874 fashioned a phonautograph from it (Fig. 1-3). He 
moistened the eardrum with glycerin and water to make it flexible and 
used a small piece of hay for the bristle of the phonautograph. When 
he spoke into the ear, the piece of hay vibrated in accordance with the 
impinging sound. He then arranged to move a piece of smoked glass 
in such a manner that the piece of hay made tracings of the vibrations 
of the eardrum. Tracings of the type shown in Fig. 1-2 were obtained. 



Fig. 1-2. Smoked-glass tracings of vowel sounds obtained from a phonautograph. 

Fig. 1-3. Bell s human-ear phonautograph with which he experimented in Brantford. 
Ontario, in 1874. 
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These early experiments were of great significance to the future 
development of the telephone. Later, in 1916, when referring to this 
early work. Bell made the following remarks: 

Now it so happened that while I was experimenting with this human ear, 
I was at work on a very different problem. I was at work on a problem of 
transmitting musical sounds by a telegraphic instrument, by an intermit- 
tent current of electricity, and I had dreams that we might transmit the 
quality of a sound if we could find in the electrical current any 
undulations of form like these undulations we observe in the air. 

I had gradually come to the conclusion that it would be possible to 
transmit sounds of any sort if we could only occasion a variation in the 
intensity of the current exactly like that occurring in [the] density of the air 
while a given sound is made . . . 

I had obtained the idea that theoretically you might, by magneto 
electricity, create such a current. If you could only take a piece of steel, a 
good chunk of magnetized steel, and vibrate it in front of the pole of an 
electromagnet, you would get the kind of current we wanted ... It 
struck'me that the bones of the human ear were very massive, indeed, as 
compared with the delicate thin membrane that operated them, and the 
thought occurred that if a membrane so delicate could move bones 
relatively so massive, why should not a thicker and stouter piece of 
membrane move my piece of steel. And the telephone was conceived. 

Bell then added the following statement: 

The conception of the telephone took place during that summer visit to 
my father's residence in Brantford, in the summer of 1874, and the 
apparatus was just as it was subsequently made, a one-membrane 
telephone on either end. 

Bell returned to Boston in the fall of 1874 with his human-ear 
phonautograph and with many new ideas on the possibilities of 
"electric speech" as well as for his multiple telegraph. He communi- 
cated these ideas to a friend, Thomas Sanders. Sanders was somewhat 
startled by the concept of sending speech over a wire but shared Bell's 
enthusiasm about the possibility of the multiple telegraph. He offered 
to support Bell's telegraph work but suggested that the work on the 
transmission of speech might well be delayed since the multiple 
telegraph seemed to him to offer much greater opportunity for 
financial gain. 

While experimenting with his multiple telegraph. Bell had become 
acquainted with a young machinist, Thomas A. Watson, at the shop of 
Charles Williams, Jr., a manufacturer of telegraph apparatus at 109 
Court Street, Boston. This young man had been assigned to make 
much of the equipment requested by Bell for his experiments. During 
the late fall and winter of 1874, Bell spent more and more time on his 
telegraph experiments as well as more and more time with atson 

designing and building new apparatus. 
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One evening, early in 1875, after a particularly discouraging session 
with the multiple telegraph. Bell said to Watson, "Watson, I have 
another idea I haven't told you about that I think will surprise you. If I 
can get a mechanism which will make a current of electricity vary in its 
intensity as the air varies in density when a sound is passing through 
it, I can telegraph any sound, even the sound of speech." 

Later, in his autobiography, Thomas A. Watson made the following 
comments about this early conception of Bell: 

* 

History gives us many illustrations of the transforming power of an idea 
but Bell's conception of a speech-shaped electric current ranks among the 
most notable of them. The conception itself was the great thing and any 
mechanism embodying it, even the very first form that was discovered, is 
of minor importance. If Bell had never found the apparatus for which he 
was searching to produce his ideal current, his name should have been 
immortalized. 

Fig. 1-4. Birthplace of the telephone (109 Court Street, Boston) where Bell carried out 
his early experiments. 
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Fig. 1-5. Bell's multiple or harmonic telegraph apparatus. A reed transmitter is at the 
left and a reed receiver at the right. 


III. FIRST SPEECH SOUNDS 

During the early months of 1875, Bell and Watson spent long hours 
trying to perfect their multiple telegraph system. Experiments were 
conducted in the top story of the Charles Williams building, where 
Bell had obtained the use of two rooms with a wire line connecting 
them (Fig. 1-4). The apparatus consisted of tuned vibrating reeds at 
the transmitting end and similar tuned reeds at the receiving end (Fig. 
1-5). Theoretically, a signal sent by means of one vibrating reed should 
be received only by the reed tuned to the corresponding frequency. By 
using different frequencies, it should be possible to send several 
telegraph messages simultaneously over a single wire. The long, 
arduous hours which Bell and Watson spent with this system were 
consumed primarily in attempts to tune the transmitting and receiving 
reeds to the same frequency. The transmitting reeds operated on the 
interrupted-current principle and both the transmitting and receiving 
reeds were tuned by clamping them at different points along their 
length. In the tuning process Watson would adjust one of the 
transmitting reeds while Bell would hold the receiving reed to his ear. 

There are a number of accounts as to exactly what happened on the 
memorable day of June 2, 1875, but Watson's own words tell the story 
dramatically (Fig. 1-6): 

On that hot June day we were in the attic, hard at work experimenting 
with renewed enthusiasm over some improved piece of the apparatus. 
About the middle of the afternoon, we were retuning the receiver reeds. 
Bell in one room pressing the reeds against his ear one by one as I sent him 
the intermittent current of the transmitters from the other room. One of 
my transmitter reeds stopped vibrating. I plucked it with my fingers to 
start it going. The contact point was evidently screwed too hard against 
the reed and I began to readjust the screw while continuing to pluck the 
reed when I was startled by a loud shout from Bell and out he rushed in 
great excitement to see what I was doing. What had happened was 
obvious. The too-closely adjusted contact screw had prevented the battery 
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Fig. 1-6. Diorama of the "attic" scene of June 2, 1875, when the first speech sounds 
were heard. 

current from being interrupted as the reed vibrated and, for that reason, 
the noisy whine of the intermittent current was not sent over the wire into 
the next room, but that little strip of magnetized steel I was plucking was 
generating by its vibration over the electromagnet, that splendid concep- 
tion of Bell's, a sound-shaped electric current. 

We spent the rest of the afternoon and evening repeating the discovery 
with all the steel reeds and tuning forks we could find and before we 
parted, late that night, Bell sketched for me the first electric speaking 
telephone, beseeching me to do my utmost to have it ready to try the next 
evening. And, as I studied the sketch on my way to Salem on the 
midnight train, I felt sure I could do so. 

That first attempt at a telephone was a simple mechanism and has 
become known as the "gallows" telephone (Figs. 1-7 and 1-8). It 
consisted of a wooden frame on which was mounted one of Bell's 
harmonic receivers, a tightly stretched parchment drumhead to the 
center of which the free end of the receiver reed was fastened, and a 
mouthpiece arranged to direct the voice against the other side of the 
drumhead. It was designed to force the reed to follow the vibrations of 
the voice and so generate voice-shaped electric undulations. 

This device was tested on June 3, 1875, using one of the harmonic 
telegraph receivers for listening, and although no intelligible words 
were transmitted, nevertheless speech sounds were heard. This 
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indicated that Bell was on the right track. The sounds transmitted by 
means of this device have been considered the first voice waves ever 
transmitted by electricity. 

IV. FIRST ELECTRIC SPEAKING TELEPHONE 

The significant events of June 2 and 3, 1875, were followed by long 
months of tedious experimenting in an attempt to improve the device 
to the point where intelligible speech could be transmitted, using a 
second stretched-membrane instrument as a receiver. Bell was sick for 
several weeks during this period and also spent a great deal of time in 
preparing the patent application for the electric speaking telephone. 
The application was completed late in 1875 but filing was delayed 
because Bell wanted to file in England and the United States simultane- 
ously. A friend of his from Brantford had promised to file the 
application in England but had not done so because of fear of ridicule. 
Finally, in desperation, Gardiner Greene Hubbard, one of Bell's 
financial- supporters and his future father-in-law, filed the U.S. patent 
application on February 14, 1876. The application was allowed on 
Bell's birthday, March 3, and U.S. Patent No. 174,465 was issued to 
him on March 7, 1876, only about three weeks after it was applied for. 
The famous Fig. 7 of this patent is reproduced in Fig. 1-9 along with the 
cover sheet for the patent. 

In January 1876, Bell set up shop at 5 Exeter Place, Boston, about a 
half-mile from the Williams shop where Watson was employed. He 



Fig. 1-7. Model of Bell's first telephone — the "gallows telephone, so £ a lled bee 
of the shape of its frame. Fig. 1-8. Cross section of the gallows te ep on 
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Fig. 1-9. Cover sheet for Bell's historic patent No. 174,465, which was allowed on his 
twenty-ninth birthday, March 3, 1876, and issued on March 7. A reproduction of Fig. 7 
of Bell's first patent, showing his conception of the electric speaking telephone. 
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had rented two rooms in the attic of a boarding house at that address 
for four dollars a week. Bell slept in the front room and fitted up the 
back room as a laboratory, with a wire running between the two 
rooms. Much of Bell's early experimental work was carried on in these 
two rooms. The move was made because of rumors he had heard of 
strangers visiting the Williams shop and examining his apparatus with 
curious eyes. 

Soon after this transfer. Bell found time to continue some of his 
telegraph experiments, especially those on means for quenching the 
sparks at the contacts of the telegraph key. For this purpose he devised 
a variable water resistance to bridge the contact points. It was this 
work that undoubtedly suggested the first form of variable-resistance 
telephone transmitter, the so-called "liquid” transmitter. 



Fig. 1-10. Liquid transmitter and tuned-reed receiver used in the experiments of 
March 10, 1876. Fig. 1-11. Cross section of the liquid transmitter exhibited by Bell at 
the Philadelphia Centennial Exposition in 1876. 

In the early spring of 1876, Bell had designed and Watson had built 
this new type of transmitter (Figs. 1-10 and 1-11) in which a wire 
attached to a diaphragm was inserted into acidulated water contained 
in a metal cup, both of which were included in a circuit through the 
battery and the receiving telephone. The resistance of this circuit was 
varied as the voice made the diaphragm vibrate and caused the wire to 
move up and down in the acid. Thus, the battery current was forced to 
undulate in speech form. On the evening of March 10, 1876, the cup o 
the liquid transmitter was filled with diluted sulphuric acid and it was 
connected to the battery and, via the wire running between the two 
rooms at No. 5 Exeter Place, to a tuned-reed receiver. Again, Watson s 
own words serve to tell the story dramatically: 
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When all was ready I went into Bell's bedroom and stood by the bureau 
with my ear at the receiving telephone. Almost at once I was astonished to 
hear Bell's voice coming from it distinctly, saying, "Mr. Watson, come 
here. I want you." We had no receiving telephone at his end of the wire 
so I couldn't answer him, but as the tone of his voice indicated he needed 
help, I rushed down the hall into his room and found he had upset the 
acid of a battery over his clothes. 

On reaching Bell's room, Watson exclaimed, "Mr. Bell, I heard every 
word you said distinctly." Elated over the success of this test, the 
accident of the spilled acid was forgotten. Both men immediately 
recognized the historic significance of this first complete intelligible 
sentence to be transmitted by electricity, for it represented the birth of 
the electric speaking telephone. 


V. EARLY DEVELOPMENT 

Soon after his initial success with the liquid transmitter. Bell 
replaced the tuned-reed receiver with one consisting of a cylindrical 
iron box with a central core around which a coil of wire was placed. 
The central core constituted one pole of the magnet and the rim of the 
iron cylinder the other pole. A sheet of iron formed the lid on one end 
of this magnet and served as the diaphragm. This design worked 
much better as a receiver than the tuned-reed arrangement, and was 
even used to some extent as a transmitter. It was called the iron- box 
receiver (Fig. 1-12). 

Also developed at about the same time was a membrane transmitter 
(Figs. 1-12 and 1-13) using a non-magnetic diaphragm to which a piece 
of iron was attached. Motion of this membrane in the magnetic field 
produced by a coil caused the iron to induce currents in the coil in 



Membrane transmitter and iron-box receiver demonstrated at the Centen- 
nial Exposition. 


Bell's Telephone 


13 



Fig. 1-13. Cross section of the Centennial membrane transmitter. 

accordance with the membrane's motion. These currents then pro- 
duced a corresponding motion in the diaphragm of the receiver. 

This telephone system was described and demonstrated before the 
American Academy of Arts and Sciences in Boston on May 10, 1876, 
and about two weeks later before the Society of Arts at the 
Massachusetts Institute of Technology. 

In the summer of 1876 the Philadelphia Centennial Exposition was 
held, commemorating the one-hundredth anniversary of American 
Independence. One of Bell's backers, Gardiner Hubbard, was a 
Centennial Commissioner and obtained a small table in the Depart- 
ment of Education portion of the Exposition, on which Bell displayed 
some of his apparatus. Included were two membrane transmitters, a 
liquid transmitter, and an iron-box receiver (Figs. 1-11 thru 1-13). In 
the latter part of June, Bell went to Philadelphia to demonstrate this 
apparatus to the Exposition judges. 

On June 25, 1876, using the membrane transmitters and the iron-box 
receiver. Bell showed that intelligible speech could be transmitted over 
wires. This feat made a tremendous impression on those present, 
among whom were a number of famous scientists, including Elisha 
Gray who was later to enter into patent litigation with Bell, and Sir 
William Thomson, the British scientist later known as Lord Kelvin. 
The success of this demonstration gave a great boost to the telephone, 
and provided the stimulus for renewed development efforts. 

The liquid transmitter was not used in the Centennial demonstra- 
tions and was apparently abandoned from this time on, as no further 
references to it have been discovered. 

VI. EARLY DEMONSTRATIONS AND TESTS 

During the summer of 1876, Bell again spent some time in Brantford, 
Ontario, at his father's home. While there he continued his telephone 
experiments and staged some significant demonstrations. In all o 
these, the membrane instrument was used as a transmitter and t e 
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iron-box apparatus as a receiver. This equipment was not designed to 
transmit and receive conversations simultaneously, so in these early 
demonstrations messages went in only one direction. 

In some of the early demonstrations a triple mouthpiece, which Bell 
had designed for the membrane transmitter, was used. He felt that it 
was much more effective to show that two or three voices could be 
heard distinctly at the same time than to have it inferred that the 
electric current could carry only one voice distinctly. For these 
demonstrations a wire was run from the veranda of the house in 
Brantford to one of the outbuildings. Everyone took a turn, first at the 
mouthpiece and then at the receiver. When no one was available to 
share the trials. Bell strung a wire around the eaves of the house and 
sat telephoning to himself in his own room. 

Another significant test which was carried out in early August was 
described by Bell, "Articulate speech was, for the first time, transmit- 
ted and received between places that were separated by miles of 
space." This test took place between Brantford and the little town of 
Paris about 8 miles away. Arrangements were made to use the 
telegraph wires of the Dominion Telegraph Company between the 
Brantford office and the Paris office. The triple-mouthpiece membrane 
transmitter was connected at Brantford and the iron-box receiver at Paris . 

When the equipment was first connected there was a storm of 
bubbling and crackling sounds, but through these sounds, in a faint, 
faraway manner, voices could be heard from the transmitter at 
Brantford. In this first trial, low-resistance voice coils were used in 
both the transmitter and receiver. Bell, who was at Paris, telegraphed 
Brantford to substitute high-resistance coils and Bell did the same at 
his location. When this was done, the voices, and even singing, came 
through very clearly. The instruments used for these trials were very 
similar to those used at the Centennial Exposition. 

In the Brantford-Paris test, electromagnets were used in both the 
transmitter and receiver, thus requiring a source of battery power. The 



Fig. 1-14. Circuit used in Boston- Cambridgeport test. 
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battery for these tests was in Toronto, some 68 miles distant, and was 
connected to the instruments by means of telegraph wires. 

Following this significant test there was a public reception and 
demonstration at the Bell home outside Brantford. For this demonstra- 
tion, ordinary iron stovepipe wire was run from the Bell home to the 
telegraph office in Brantford, a distance of about one-quarter mile. 
From there the circuit was completed to Mount Pleasant, about 5 miles 
away, then back to Brantford, and to one of the outbuildings at the 
Bell home. Successful demonstrations of speech and singing were 
carried out, but only a brief note on these tests appeared in the Toronto 
Globe for August 11, 1876. However, the success of the experiments 
provided added encouragement to Watson and Bell for continuing 
their task of improving the telephone. 

It was about this time that Hubbard offered Watson a one-tenth 
interest in the Bell patent if he would give up his job at the Williams 
shop and devote all of his time to making apparatus for Bell. Although 
pleased at this recognition, Watson was somewhat reluctant to accept 
since he had a well-paying job with Williams and the future of the 
telephone at that time was very uncertain. However, he finally 
accepted and moved into an attic room adjoining Bell's in the lodging 
house at 5 Exeter Place. 

VII. CONTINUED TESTS 

The tests and demonstrations at Brantford involved telephone 
transmission in one direction only. The next major forward step, 
two-way communication, was taken on October 9, 1876, after Bell had 
returned to Boston. The telegraph line used for this two-way test was 
owned by the Walworth Manufacturing Company and ran from their 
office in Boston to their factory in Cambridgeport, a distance of about 
2 miles (Fig. 1-14). The results were very satisfactory, sustained 
two-way conversation between persons miles apart being carried 
on upon the same line using the same instruments alternately for 
talking and listening. These instruments were membrane telephones 
similar to the Centennial transmitters except that upon each mem- 
brane was glued a thin, circular sheet of iron almost as large in 
diameter as the membrane itself (Fig. 1-15). Comparisons by Bell and 
Watson the previous July had shown that the larger the sheet of iron 

the louder and more distinct was the tone. 

To verify the accuracy of transmission in this significant test Bell and 

Watson each kept a record of the words transmitted and received. The 
Boston Daily Advertiser in its issue of October 19, 1876, published these 
two records in parallel columns to show that most of the conversation 
was transmitted with substantial accuracy. Two days after performing 
this test Bell communicated the results to the American Academy o 
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Arts and Sciences and exhibited in operation the telephones that had 
been employed. 

The next step in improving the telephone was to dispense with the 
membrane diaphragms entirely and use diaphragms consisting solely 
of thin iron. These worked well and the construction was incorporated 
in the so-called "box” telephones (Fig. 1-16), the first of which was 
made in the latter part of October. The circuit employed with these 
telephones was a single wire with a ground return. 

Progress in improving the telephone had been slow and had 
involved a great amount of hard work. Both Bell and Watson were alert 
to any new developments which might be adapted to improve its 
operation. Watson in particular had been spending a great deal of time 
in the local library reading everything he could lay his hands on about 
electricity in an attempt to find ideas that would be useful. 

In the course of his library research he came across some informa- 
tion about a quick-acting magnet used by the Hughes Printing 
Telegraph Company. Watson dashed back to the laboratory and within 
an hour or two had constructed a magnet similar to the one about 
which he had been reading. This was a permanent magnet made up of 
four hardened-steel horseshoe-shaped plates bolted together, with a 
small soft-iron core, carrying coils for the voice currents, clamped to 
each pole. When mounted with the diaphragm and mouthpiece 
already developed, it became an improved instrument that functioned 
much better than any other telephone tried up to that time with either 
electromagnets or permanent magnets. From then on, all telephones 
requiring electromagnets went into the discard. 


Fig. 1-15. Membrane telephone used for transmitting and receiving in Boston— 
Cambridgeport test. Fig. 1-16. Exterior and interior views of early box telephone. 
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A major test of the improved instrument (the so-called “magneto” 
telephone) was then made over a line of greater length than any 
previously employed. This test was conducted on Sunday, November 
26, 1876, over a telegraph line of the Eastern Railroad running between 
Boston and Salem, a distance of about 16 miles. The test was highly 
successful, even a whisper or a loud breath being heard distinctly at 
the other end of the line. 

Immediately thereafter an attempt was made to converse over a 
circuit about 200 miles in length. The voice could be heard “with 
considerable clearness,” but sufficient "distinctness” was not attained 
to permit a normal two-way conversation to be carried on. However, 
on the Sunday following the Boston- Salem experiment, successful 
tests were conducted over a railroad wire between Boston and North 
Conway, New Hampshire. This was the first instance of a human 
voice being carried between points physically separated by more than 
100 miles. 

Early in 1877, a second patent was issued to Bell, covering the 
structural aspects of the magneto telephone in some detail. 1 This, 
together with his first patent in 1876, formed the basis for the Bell 
System monopoly in the telephone field which prevailed until the 
patents expired in 1893 and 1894. 

VIII. LECTURES 

Following these successful tests. Bell was invited to deliver a series 
of lectures explaining the telephone and demonstrating it in operation. 
The first such lecture was given in Lyceum Hall, Salem, on February 
12, 1877 (Fig. 1-17) and, for the occasion. Bell's laboratory in Boston 
was connected with Lyceum Hall by a wire of the Atlantic and Pacific 
Telegraph Company. Watson spoke in Boston and his speech was 
audible to the audience in Salem. For this demonstration, 
permanent-magnet telephones with metallic diaphragms (Fig. 1-16) 
were employed and there was no battery in the line. 

Reporting the event in its issue of February 13, 1877, the Boston 
Globe stated: 

This special by telephone to the Globe has been transmitted in the 
presence of about twenty who have thus been witnesses to a feat never 
before attempted — that is, the sending of a newspaper despatch over the 
space of eighteen miles by the human voice — and all this wonder being 
accomplished in a time not much longer than would be consumed in an 
ordinary conversation between two people in the same room. 

This item served to wake newspaper editors with a jolt as they 
suddenly realized the tremendous possibilities inherent in transmit- 
ting newspaper “despatches” by voice. 

1 A. G. Bell; U.S. Patent No. 186,787; filed January 15, 1877; issued January 30, 1877. 
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Fig. 1-17. Artist's sketches of lecture of February 12, 1877: (top) Lyceum Hall, Salem; 
(bottom) Bell's Boston laboratory. 


Shortly afterward the first wire line constructed for regular telephone 
use was installed between Charles Williams' shop and his house in 
Somerville, a distance of about 3 miles. The inauguration of this line, a 
milestone in telephone history, took place on April 4, 1877. 

On April 5, another lecture was given in Music Hall, Providence, 
Rhode Island, before an audience of about 2,000 people. Telephones 
were arranged in different parts of the hall so that Bell, with the aid of 
a switch on the platform, could connect any one of them as desired. 
Again, the demonstration was highly successful. 

In some of these early lectures, Watson would use the laboratory at 5 
Exeter Place as the sending station and transmit voice and singing to 
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the lecture hall where Bell was appearing. Bell, a master showman, 
cleverly arranged for Watson to sing as well as shout, for no matter 
how poor the telephone quality might be, the pitch was faithfully 
retained, and in recognizing the tune, people would think they had 
understood the words. Figure 1-18 shows the publicity for one of Bell's 
demonstrations . 

Early in May, Bell delivered a series of three lectures in Chickering 
Hall in New York City. For these lectures, Watson's voice came over a 
telegraph line from New Jersey. According to Watson's memoirs, he 
and Bell had been discouraged by earlier tests from trying to stage a 
performance in New York City with Watson talking from Boston. 

These lectures gave Bell his first monetary return from the tele- 
phone. He was very badly in need of the money and this income gave 


Fig. 1-18. Facsimile of the publicity for one of Bell's demonstrations 
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him further encouragement to continue his development work. For 
example, during May he developed his receiving instrument into a 
form that began to resemble the modern receiver in external appear- 
ance. One early form of hand-held receiver was called the "butterstamp" 
due to its resemblance to that implement of the dairy (Fig. 1-19). 

IX. FIRST COMMERCIAL APPLICATIONS 

Also during May 1877, E. T. Holmes, who operated a burglar-alarm 
system in Boston, became interested in the telephone after seeing a 
demonstration. His interest was natural since he already had custom- 
ers connected to his place of business by wires not generally in use in 
the daytime. Holmes ordered several instruments from Bell, the first 
three of which were of the box type (Figs. 1-20 and 1-21), numbered 6, 
7, and 8. These were put in use late in May (less than 15 months after 
the first transmission of intelligible speech) for sending messages, 
requesting messenger or express service, between Holmes' burglar- 
alarm customers and his office on Washington Street (Fig. 1-22). To 
distinguish this business from his burglar-alarm system. Holmes 
conducted it under the name of the Telephone Despatch Company. 
Although this was a very restricted use of telephony, it is fair to say 
that it represented the first commercial application. 

Holmes later broadened his use of telephony to include the modern 
concept of interconnecting lines for direct communication between 
telephone users. While he had made some early tests of this type, the 
credit for the first commercial application of the basic idea underlying 
present-day telephony belongs to George W. Coy. Coy, operating as 
the District Telephone Company of New Haven, formally opened on 
January 28, 1878, an "Exchange” with 21 customers who could be 
interconnected as they desired by means of a central switchboard. 


Fig. 1-19. First four commercial hand-held receivers. All were made in 1877, and are 
arranged in chronological order from left to right. The butterstamp receiver is at the left. 
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X. THE "GRAND SYSTEM" 

These first faltering steps in applying telephony showed a recogni- 
tion of its value, but fell far short of Bell's ideas. 

On July 11, 1877, Alexander Graham Bell married Mabel, the 
daughter of Gardiner Greene Hubbard. They sailed for Europe early in 
August and remained abroad for more than a year. Even though far 
removed from telephone activities. Bell's ingenious mind was actively 
at work. While he was in England, Bell prepared a prospectus 
designed to awaken the interest of a group of businessmen in 
promoting the use of the telephone. This document is quoted here 
substantially in its entirety since it indicates the remarkable prophetic 
vision of Bell at a time when telephony as a business was as yet 
undeveloped: 

The telephone may be briefly described as an electrical contrivance for 
reproducing in distant places the tones and articulations of a speaker's 
voice, so that conversation can be carried on by word of mouth between 
persons in different rooms, in different streets, or in different towns. 

The great advantage it possesses over every other form of electrical 
apparatus consists in the fact that it requires no skill to operate the 
instrument. All other telegraph machines produce signals which require 
to be translated by experts, and such instruments are therefore extremely 
limited in their application, but the telephone actually speaks, and for this 
reason it can be utilized for nearly every purpose for which speech is 
employed . . . 

At the present time we have a perfect network of gas-pipes and 
water-pipes throughout our large cities. We have main pipes laid under 
the streets communicating by side pipes with the various dwellings, 
enabling the members to draw their supplies of gas and water from a 
common source. 


Fig. 1-20. First commercial box telephone. This is type used by E. T. Holmes in his 
early telephone "despatch" service. Fig. 1-21. Early box telephone with cover removed. 
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Fig. 1-22. Home of the first telephone company, the Telephone Despatch Company, 
at 342 Washington Street, Boston. 
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In a similar manner, it is conceivable that cables of telephone wires could 
be laid underground, or suspended overhead, communicating by branch 
wires with private dwellings, country houses, shops, manufactories, etc., 
etc., uniting them through the main cable with a central office where the 
wires could be connected as desired, establishing direct communication 
between any two places in the city. Such a plan as this, though 
impracticable at the present moment, will, I firmly believe, be the 
outcome of the introduction of the telephone to the public. Not only so, 
but I believe, in the future, wires will unite the head offices of the Tele- 
phone Company in different cities, and a man in one part of the country 
may communicate by word of mouth with another in a distant place. 

I am aware that such ideas may appear to you Utopian and out of place, 
for we are met together for the purpose of discussing not the future of the 
telephone, but its present. 

Believing, however, as I do, that such a scheme will be the ultimate result 
of introducing the telephone to the public, I will impress upon you all the 
advisability of keeping this end in view, that all present arrangements of 
the telephone may be eventually realized in this grand system . . . 

In conclusion, I would say that it seems to me that the telephone should 
immediately be brought prominently before the public, as a means of 
communication between bankers, merchants, manufacturers, wholesale 
and retail dealers, dock companies, water companies, police offices, fire 
stations, newspaper offices, hospitals and public buildings, and for use in 
railway offices, in mines and [diving] operations. 

Agreements should also be speedily concluded for the use of the 
telephone in the Army and Navy and by the Postal Telegraph Depart- 
ment. Although there is a great field for the telephone in the immediate 
present, I believe there is still greater in the future. 

By bearing in mind the great object to be ultimately achieved, I believe 
that the Telephone Company can not only secure for itself a business of 
the most remunerative kind, but also benefit the public in a way that has 
never previously been attempted. 

XI. CONCLUSION 

Sensing that they were on the threshold of a new art of breathtaking 
possibilities, Alexander Graham Bell and Thomas A. Watson experi- 
enced alternate periods of high excitement and deep despair. As we 
have seen, there were discouragements, hard work, elation at 
successes (particularly those of June 2, 1875, and March 10, 1876), and 
then much more hard work and many obstacles to overcome before the 
telephone could be made practical. For the first few years the major 
technical load was carried by Watson, who took the telephone as Bell 
had invented it and toughened it into a rugged, usable instrument, ac- 
quiring in the process some 60 patents on the improvements he devised. 

During this initial period the need for technological innovation 
became apparent and the power of organized scientific effort was 
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sensed. The remaining chapters of our history, with one exception, 
will be devoted to relating the technical activities of the first 50 years 
of telephony and describing the many contributions made to this new 
art during the period. But before starting this major portion of our 
history, we shall cover briefly, in Chapter 2, the early corporate history 
of the Bell System and the part played by organizational structures in 
achieving Bell's "Grand System" through raising the necessary capital, 
promoting technological development, and integrating development, 
manufacture, and system operation into an effective organization with 
centralized direction, yet retaining a high degree of autonomy within 
the component elements. 


Chapter 2 
Early Corporate History 


The immediate success and spectacular growth of the telephone as a local 
facility quickly led its backers to concur with the concept of a "universal 
service" as already envisioned by its inventor. 

The technological barriers to this ultimate aim were formidable indeed 
and it became clear to the early managers that their science-based enterprise 
could not rely on fortuitous advances, coming from outside the industry, as 
the chief engine of progress. Accordingly they adopted, as an industrial 
innovation, a deliberate policy of supporting the pursuit of scientific 
knowledge to speed advancement in telephone technology. 

As the technical imperatives of the expanding telephone network 
clarified, this farsighted policy became implemented by specific organiza- 
tional arrangements, insuring a continued synergy of business planning and 
advancing technological skills. 

This chapter presents a brief sketch of these organizational structures as 
they developed; for, as later chapters proceed to describe scientific and 
technological achievements, some of the more triumphant of these (such as 
the first transcontinental line) must be seen also as triumphs in organization 
and management. 


I. CORPORATE ORGANIZATIONS 
1.1 Bell Patent Association 

Alexander Graham Bell, though primarily a teacher of the deaf, was 
a man of extraordinary scientific curiosity and insight. As noted in 
Chapter 1, during the time that his early ideas on telephony were 
developing, he was also experimenting with a type of multichannel 
telegraph. Thomas Sanders, a leather merchant of Salem, Mas- 
sachusetts, who was a friend of Bell's and the father of one of his 
former pupils, had been following Bell's work and felt that the 
telegraph experiments promised more immediate prospect of success 
than the then somewhat vague ideas on telephony. Accordingly, in the 
fall of 1874 he made a verbal offer to Bell to help finance the telegraph 
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work in return for a share in whatever patent rights might result. A 
short time later, another friend, Gardiner G. Hubbard, a Boston 
attorney and, as it developed. Bell's future father-in-law, made a 
similar offer. These informal offers were accepted by Bell, and later a 
written agreement was drawn up and dated February 27, 1875. This 
was the first, rudimentary corporate agreement, and, although the 
organization had no official name, it has been called the Bell Patent 
Association. 

The interests of Sanders and Hubbard being confined to Bell's 
telegraph work, the written agreement of this Association did not 
speak of the telephone or refer to it in a distinctive way. However, Bell 
later took the position that the telephone was to be included despite 
Hubbard's offer to relinquish all right and title to that invention even 
after it had been successfully demonstrated. "Truly,” writes telephone 
historian Frederick Leland Rhodes, "this original partnership was a 
gentlemen's agreement!" Thus, the Bell Patent Association became the 
first legal instrument of corporate telephone ownership and organiza- 
tion. (Figure 2-1 is a historical chart of Bell System corporate structures 
from 1875 to 1935.) 

1.2 Bell Telephone Company Trusteeship 

The original agreement provided that if any of the inventions of the 
Association proved to be of value, a company should be organized to 
manage and control the patents involved, and each of the three 
Association members should own one-third of the stock of that 
company. By the summer of 1877 it was recognized that Bell's basic 
telephone patent was very valuable, and steps were taken to organize 
a company in accordance with the agreement. 

To provide the original Association with necessary technical skills, 
Thomas A. Watson, Bell's assistant, had been invited to become 
associated with it in a formal way, and to receive a one-tenth interest 
in all patents when the joint-stock company was organized. Watson 
had agreed, and a formal contract to this effect had been drawn up and 
dated September 1, 1876. This step had been taken by the three 
Association members "to associate with them a practical mechanician 
of sufficient skill and ability, under Mr. Bell, to make these inventions 
pecuniarily successful." 

The new organization which came into existence on July 9, 1877, 
was given the name "Bell Telephone Company, Gardiner G. Hubbard, 
Trustee," and superseded the original Bell Patent Association. Sanders 
was Treasurer of this trusteeship. Bell was Electrician, and Watson was 
Superintendent. 

Thomas Watson made many distinctive contributions to the enter- 
prise. He was in effect the only member of the first research and 


Corporate History 


27 





* *■ 



> 

f 



National Bell Telephone Co. 
(Massachusetts corporation] 

Incorporated March 13, 1879 

Active existence Stock outstanding 

March 1879 7,250 shares 

May 1880 8,500 shares 
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American Bell Telephone Co. 
[Massachusetts corporation] 

Incorporated April 17, 1880 

Active existence Stock outstanding 

May 1880 73,500 shares 1 

May 1900 258,863 shares 
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American Telephone & Telegraph Co. 

[New York corporation] 

Incorporated March 3, 1885 

Subsidiary of American Bell Telephone Co., 1885-99 

Acquired assets of American Bell Telephone Co., Dec. 30, 1899 

Publicly owned, 1900 to date 

Stock outstanding: Dec. 31, 1900, 569,901 shares; 

Dec. 31, 1935, 18,662,275 shares 


Legend: » Transfer of assets. 

> Licensee company. 

Note.— A ll stock of corporations is $100 par. 

1 Includes 14,000 shares of trustee stock held by National Bell Telephone Co. 


Fig. 2-1. Historical chart of the parent organizations of the Bell System. 
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development organization in the telephone industry. Watson had little 
to do with purely business affairs, but until his resignation in 1881 he 
carried the burden of the necessary research work and superintended 
manufacturing operations, thus playing a very large role in developing 
Bell's invention into a practical device with commercial possibilities. 
Although he had no technical training, he had to try to solve all of the 
baffling technical problems that arose in telephone construction and 
operation. This responsibility rested on Watson because Bell, having 
married Hubbard's daughter in July 1877, had sailed for Europe in 
August and had remained abroad for more than a year lecturing and 
promoting the telephone in England. Consequently, in four over- 
worked years, during which he was called upon for many nontech- 
nical tasks as well, Watson was the first consistent contributor to a re- 
search and development program that has continued for a century to solve 
the problems of telephony and advance communications technology. 

Bell and Watson were both restless men with eager, probing minds, 
always ready to explore new horizons. By 1881, the success of the 
telephone had made both of them financially secure, and they both left 
the telephone business to embark on new ventures. 

One of the legacies left by this early trusteeship was the leasing and 
licensing system, inaugurated by Hubbard and stubbornly maintained 
by him in the face of strong opposition from his associates. The 
Declaration of Trust in the original plan of organization provided for 
this policy as follows: 

The business of manufacturing telephones and licensing parties to use the 
same for a royalty, shall be carried on and managed by the Trustee, under 
the name of the Bell Telephone Company, under and in accord with such 
general directions, rules and regulations as may be made for that purpose 
by the Board of Managers. 

This policy has been an essential element in maintaining the 
nationwide unity and efficiency of the Bell System. 

1.3 New England Telephone Company 

During these early days, money for the Bell Trusteeship was very 
scarce, and most of it was provided by Thomas Sanders. Having 
almost reached the limit of his resources, Sanders now cast about for 
new sources of capital and succeeded in interesting a group of 
Massachusetts and Rhode Island businessmen in the telephone. This 
group agreed to put up some money in return for permission to start a 
telephone business, but wished to confine its interests and responsi- 
bility to the New England area. Naturally, these men wished exclusive 
rights within that territory, and the members of the Bell Trusteeship 
agreed to this arrangement. 


Corporate History 


29 


Accordingly, the New England Telephone Company came into 
existence on February 12, 1878. (This company, however, had no 
direct connection with the present New England Telephone and 
Telegraph Company, which was not formed until October 1, 1882, 
nearly five years later.) The New England Telephone Company held an 
assignment of rights to the Bell patents for the New England states, and 
its Articles of Incorporation committed it to the policy of leasing and 
not selling telephones. The Articles further stated that the corporation 
was formed "for the purpose of carrying on the business of 
manufacturing and renting telephones and constructing lines of 
telegraph therefor, in the New England States." 

Earlier organizations operating in this area under Bell License, such 
as the Telephone Despatch Company in Boston and the District 
Telephone Company of New Haven (see Section IX of Chapter 1), were 
ultimately absorbed into the New England Telephone Company. 

1.4 Bell Telephone Company 

The success of the New England Telephone Company suggested 
establishment of a similar organization for the rest of the country. 
Money was needed and presumably could be obtained by such a 
corporation. Therefore, an Agreement of Association for a new 
company to be organized along these lines was signed on June 29, 
1878, and a Certificate of Incorporation filed on July 30, 1878. This was 
an entirely new corporate organization, called simply the Bell Tele- 
phone Company. To transfer control of the telephone to the new 
company, Gardiner Hubbard assigned "all the patents, patent rights 
and interest in any and all contracts relating to any patents or future 
inventions owned or held by him as Trustee" to the Bell Telephone 
Company. Thus came to an end the organization known as "Bell 
Telephone Company, Gardiner G. Hubbard, Trustee," its place being 

taken by the new Bell Telephone Company. 

Another significant step was taken by Hubbard at about this time. 
While serving a term in the United States Congress, he became 
acquainted with Theodore N. Vail, who at the time was Superintend- 
ent of the Railway Mail Service, and prevailed upon him to be 
General Manager of the Bell Telephone Company. Vail proceeded to 
bring order out of a considerable amount of organizational chaos, and 
encouraged Bell agents throughout the country to persevere in the face 
of severe competition from Western Union. Vail was to become one of 
the great figures in the Bell System — a master of organization, a leader 
of limitless courage and resources, unselfish and utterly honest in his 
management of the company's affairs. He contributed mightily to t e 

System's success. 
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1.5 National Bell Telephone Company 

During this early phase of corporate organization, William H. 
Forbes, a prominent Boston financier and son-in-law of Ralph Waldo 
Emerson, joined the group of Boston investors who had combined to 
provide financial support for the Bell interests. On December 31, 1878, 
Forbes was elected a Director of the Bell Telephone Company. He 
immediately demonstrated exceptional business ability and, with his 
associates, in effect took over control of the Company's affairs. 

On January 29, 1879, Forbes took steps toward uniting all of the Bell 
interests in one company, to be called the National Bell Telephone 
Company. At a meeting of the Board of Directors of this new company 
on March 11, 1879, he was elected President. Two days later, the 
Certificate of Incorporation for the National Bell Telephone Company 
was filed. Then, on March 20 of the same year, both the New England 
Telephone Company and the Bell Telephone Company assigned their 
rights under the two basic Bell patents to this new company, and these 
two earlier companies were consolidated. 

On the technical side, Thomas D. Lockwood joined the National Bell 
Telephone Company on July 26, 1879, as Assistant Inspector and 
Electrician. He functioned as an assistant to Thomas Watson in exercis- 
ing general supervision, planning exchange apparatus, and writing 
pamphlets. He was later to assume responsibility for patent matters. 

In 1879, the following force was at work looking after the technical 
problems of the telephone business: Thomas A. Watson, General 
Inspector; Lockwood, just mentioned; George L. Anders, an inventor; 
and Emile Berliner, another inventor, who had two assistants, Joseph 
H. Cheever and W. L. Richards (later head of the Bell System 
Historical Museum at 463 West Street in New York City). This last trio 
worked on inspection and adjustment of telephone instruments. 

1.6 American Bell Telephone Company 

In the late 1870s and early 1880s, the spread of the telephone over the 
United States was spectacular. The method of business organization at 
this time usually involved local companies which leased their instruments 
from the parent corporation. However, it soon became evident that mere 
leasing was not sufficient for effective coordination with the parent 
unit. Competition was becoming very strong at about this time, with 
many rival companies springing up. Thus it was necessary for the 
parent corporation to license local companies on an exclusive basis 
and, more than that, to gain control of these companies by buying a 
sufficient portion of their stock. This required far more capital than 
that for which the National Bell Telephone Company had been 
authorized ($850,000). 
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The most serious competitor at this time was the Western Union 
Telegraph Company. In 1876, this company had declined to purchase 
the basic Bell patent, offered for the sum of $100,000, the view being 
that the telephone was a toy and would never be of practical use. 
However, after witnessing the rapid growth of interest in the 
telephone. Western Union decided to take it more seriously. 

In December 1877, the American Speaking Telephone Company was 
formed with Western Union owning two-thirds of the stock. By this 
time, the Bell Trusteeship had over 3,000 telephones in use. The 
Western Union affiliate immediately commenced making telephones 
in violation of the Bell patents and leasing these instruments in 
competition with the Bell Trusteeship and its assignees. This caused 
consternation in the Bell organization, and, shortly after the formation 
of the Bell Telephone Company in the summer of 1878, suit was 
brought against the Western Union Telegraph Company for infringing 
Bell patents. The actual suit was instituted against Peter A. Dowd, an 
agent of Western Union engaged in supplying telephones in Mas- 
sachusetts. The Western Union subsidiaries involved in this action 
were the Gold and Stock Telegraph Company, the American Speaking 
Telephone Company, and the Harmonic Telegraph Company. 

After the facts had been fully brought out, George Gifford, then 
counsel for Western Union, became convinced that the Bell patents 
were valid and advised a settlement. Negotiations were begun, and a 
settlement was reached which became effective on November 10, 1879, 
and covered a period of 17 years. Western Union agreed to withdraw 
from the telephone business and the National Bell Telephone Com- 
pany (successor to the Bell company that instituted the suit) was 
granted a license to the telephonic inventions that Western Union had 
acquired or might acquire during the term of the agreement. The 
National Bell Telephone Company was to buy the telephones which 
Western Union or its subsidiaries had made, already totalling over 
50,000, and the telephone exchanges they had established. In return, 
the Bell company agreed not to compete with Western Union in the 
public message- telegraph field. The final decree was approved by 
Judge Lowell on April 4, 1881. This marked the end of the Western 
Union dispute, but did not mark the end of the lawsuits engaged in by 
the Bell System to protect its patent rights against others. 

The tremendous increase in business resulting from the settlement 
of the Western Union case, and the huge amounts of capital which 
were necessary to buy the Western Union telephone equipment, made 
it necessary to consider another reorganization. To permit this 
reorganization on an adequate scale and to permit the new corporation 
to hold stock in other corporations, the Massachusetts Legislature 
passed a special Act which was signed by Governor Long on March 
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19, 1880. The purpose as stated in this Act was to permit the 
"manufacturing, owning, selling, using and licensing others to use 
electric speaking telephones and other apparatus and appliances 
pertaining to the transmission of intelligence by electricity, and for 
that purpose constructing and maintaining by itself and its licensees 
public and private lines and district exchange." Capitalization was 
limited to $10,000,000. 

In accordance with this Act, the American Bell Telephone Company 
was formed on March 20, 1880, and its Certificate of Incorporation was 
filed on April 17, 1880. To put into the hands of the new corporation 
all patent rights belonging to the Bell interests, assignments were 
made and licenses issued to the American Bell Telephone Company by 
all parties having any shadow of right or ownership. 

On December 8, 1880, the American Bell Telephone Company 
declared its first dividend (3%), and on March 29, 1881, issued its first 
annual report. 

1.7 Western Electric Company 

Prior to 1878, all of the telephone equipment for the Bell organiza- 
tion was built by Thomas Watson in the Boston shop of Charles 
Williams, Jr., a maker of telegraph instruments. Watson's duties soon 
increased to the point where he could no longer build all of the 
equipment needed so he engaged a number of manufacturers, 
including Williams, to assist him. While this was going on. Western 
Union was having some of its telephone equipment manufactured in 
its own shops, and some by the Western Electric Manufacturing 
Company of Chicago. 

With the November 1879 agreement by Western Union to relinquish 
its telephone interests, the Western Electric Manufacturing Company 
was licensed to manufacture telephones for the Bell organization. Soon 
thereafter, the American Bell Telephone Company purchased a 
controlling interest in Western Electric, and on November 26, 1881, 
Western Electric was reorganized under the laws of the state of Illinois 
with a new name, the Western Electric Company. On February 6, 
1882, the Western Electric Company officially became the manufactur- 
ing unit of the Bell System, thus providing a dependable source of 
instruments and apparatus which would be interchangeable and 
would be of the desired quality. 

An item in the Annual Report of the American Bell Telephone 
Company for 1881 describes this significant event in Bell System 
history: 

To obtain a permanent interest in the manufacture of telephones and 
apparatus, as well as to ensure the highest standards in the same, we have 
bought the plant and business of Charles Williams, Jr., of Boston, and an 
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interest in the Western Electric Manufacturing Company, of Illinois, and 
propose to merge the two in a consolidated company, which will avail of 
the goodwill, business, and patents owned by that company, as well as 
our own, and secure an economical management for the whole of our 
manufacturing interests. We expect to make this an important and 
valuable part of our business. 

The first part of the building at 463 West Street, New York City, was 
erected in 1897, and served as Western Electric's New York headquar- 
ters. This building was later (1907) to become the headquarters for the 
Western Electric Engineering Department. While Western Electric 
remained an Illinois corporation for many years, it was reincorporated 
in 1915 under the laws of the state of New York and has been a New 
York corporation ever since. 

Western Electric had become interested in the sale and manufacture 
of communications equipment abroad a number of years before it 
became the manufacturing arm of the Bell System, and its foreign 
business continued for many years thereafter. A factory was built in 
Antwerp In 1882, and branches of Western Electric existed throughout 
the world by 1918. At that time, foreign business was so extensive that 
it was concentrated in a new subsidiary, the International Western 
Electric Company. This organization grew rapidly, but at the same 
time enormous growth was taking place in the United States and Bell 
management felt that it would be desirable to avoid any possibility 
that these foreign activities would interfere with the domestic 
business. Accordingly, in 1925, the International Western Electric 
Company was sold to the International Telephone and Telegraph 
Company and its name changed to International Standard Electric 
Corporation (neither of these companies had any further corporate 
connection with the Bell System). As a result of this policy decision, 
subsequent Bell System international business activities have been 
limited to those required for forming and operating a worldwide 
communications network. This international cooperation has been 
established largely by means of bilateral agreements with the connect- 
ing national telecommunications administrations. Wherever possible, 
construction of plant has been conducted as a joint enterprise with 
each administration providing its proper share of the equipment. 

1.8 Long Lines System 

The system of local exchanges, coordinating any number of 
telephone subscribers' lines and referred to as the ''exchange system," 
had become well established by 1880. The problem now arose as to 
how to interconnect these various exchanges. The first major step in 
this direction was taken on June 2, 1880, when a telephone line from 
Boston to New York was authorized (this line was put into service on 
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March 27, 1884). On May 9, 1883, lines were authorized between 
Boston, New York, Philadelphia, and Washington, and between New 
York and Albany. These events marked the beginning of the Long 
Lines System. 

The maximum capitalization allowed the American Bell Telephone 
Company was $10,000,000, which was quite inadequate for construct- 
ing lines on the large scale rapidly becoming necessary for intercon- 
necting the exchanges of various cities. The Massachusetts Legislature 
refused to increase the authorized capitalization, making it necessary 
to organize a new company for building long lines. 

1.9 American Telephone and Telegraph Company 

The new company organized to provide these interconnections was 
named the American Telephone and Telegraph Company, and was 
chartered under the laws of the State of New York. Its purpose was to 
construct and operate lines all over the North American continent, not 
only in the United States but in Canada and Mexico, "and also by 
cable and other appropriate means with the rest of the known world." 
Thus, Bell's concept of a "Grand System" was expanded and formally 
stated as the goal of the Bell System. The word "Telegraph" was in- 
corporated into the name by an Act of the New York Legislature. At that 
time the word "Telegraph" referred to the leased-wire business of the 
Company. In the early days, telegraphy and telephony were not dis- 
sociated in quite the same way that they are today; in fact. Bell's first 
patent (see Fig. 1-9) had been described by the inventor as an "Improve- 
ment in Telegraphy." 

Signing of the Articles of Association for the new company took 
place on February 28, 1885. The company headquarters was in New 
York City, and it immediately started to build up its own Long Lines 
Engineering Department there to assist in carrying out various 
projects. Theodore N. Vail, who previously had been General Manager 
of the National Bell Telephone Company, was President of this new 
organization until he resigned in 1887. He was to serve another term 
as President from 1907 to 1919. 

The company grew rapidly, and by 1899 it was deemed best that it 
should be made the central organization of the Bell System, primarily 
for financial reasons. (At the time the financial climate in New York 
State was much more favorable than in Massachusetts.) Accordingly, 
on December 30, 1899, the Directors of the American Bell Telephone 
Company conveyed all their assets, both in stock and property, to the 
American Telephone and Telegraph Company. Thus was formed the 
corporation which today is the parent company of the Bell System. 

To handle the Company's long-distance lines, a Department of 
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Long-Distance Lines was established to start functioning on October 
1, 1900. Then on November 14, 1917, its name was changed to the 
Long Lines Department. 

A statement of the relationship of AT&TCo to the Bell System as a 
whole was contained in the AT&TCo Annual Report for 1908. Despite 
its length, substantial parts of the statement are quoted below because 
of their clarity and their pertinence to the "Grand System" concept: 

The relations of the American Telephone and Telegraph Company and the 
associated companies are not generally understood. The American 
Telephone and Telegraph Company is primarily a holding company, 
holding stocks of the associated operating and manufacturing companies. 
As an operating company it owns and operates the long-distance lines, 
the lines that connect all the systems of the associated operating 
companies with each other. 

In addition to these two functions it assumes what might be termed the cen- 
tralized general administrative functions of all the associated companies . . . 

In the telephone business development is continuous. As conditions 
enlarge -and change, new methods develop. The whole business suggests 
changes and stimulates inventions, and opportunities for improvements 
are frequent. 

If each separate exchange or group of exchanges had not been assisted and 
directed in the development and introduction of these new ideas, 
methods and inventions, there would now be as many systems, as many 
methods of operating as there are separate companies. This would have 
made impossible the organization which now gives the Bell system that 
universality and preponderance on account of which no matter how many 
systems may exist, every one of any commercial or social importance must 
have connection with the Bell system . . . 

The American Telephone and Telegraph Company owns and maintains all 
telephones. It also owns either directly or through the Western Electric 
Company all patents. 

It has a department which was organized at the very beginning of the 
business and has continued since, where is to be found practically 
everything known about inventions pertaining to the telephone or 
kindred subjects. Every new idea is there examined, and its value 
determined so far as the patent features are concerned. 

The Engineering Department takes all new ideas, suggestions and 
inventions, and studies, develops, and passes upon them. 

It has under continuous observation and study all traffic methods and 
troubles, improving or remedying them. 

It studies all construction, present and future development or extension 
schemes, makes plans and specifications for the same, and gives when 
desired general supervision and advice. It has a corps of experts which, in 
addition to the above work, is at all times at the service of any or all of the 
separate companies. 
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When it is considered that some of these questions involve the 
permanency, duration and usefulness of a telephone plant costing 
millions of dollars, and changes costing hundreds of thousands, some 
idea of its importance can be formed. To give an illustration: one group of 
patents covering inventions which seemed likely to be useful and 
economical in the service was purchased by the company. These 
inventions were developed into operating apparatus and put into use. 
While this cost hundreds of thousands of dollars, placing it beyond the 
scope of one operating company, the saving already accomplished to the 
associated companies runs into the millions. 

A large staff has been and is continuously engaged in the consideration of 
disturbances arising from transmission and other lines carrying heavy 
currents, and in many cases that any telephone system can even exist in 
the vicinity of such lines is due to the constant and continued attention 
given this subject. 

Every new trouble, and there are many, comes before this department. 
When settled there, it is settled for all. This has established a commercial, 
operating and plant practice not only for our own associated companies, 
but for others of high standing throughout the world. 

All devices or inventions submitted receive the most thorough and 
painstaking investigation, and it is safe to say that there has as yet been 
no instance where any invention, system or method, rejected by the Patent 
and Engineering Departments of the American Telephone and Telegraph 
Company has ever had any permanent success when used elsewhere. 

The Manufacturing Department creates and builds the equipment and 
apparatus which have been adopted. In this way throughout the whole 
grand system will be found standardization and uniformity. This is not 
any handicap on improvement or development of the art, for, on the 
contrary, every suggestion or idea, and there are many, has abundant 
opportunity to be tested, which would not be possible otherwise. No one 
of the companies could by itself maintain such an organization, and it 
would be fatal to any service to introduce or try out undeveloped ideas in 
actual service. 

In 1909, during Theodore N. Vail's second term as President, AT&TCo 
acquired a substantial interest in the Western Union Telegraph Com- 
pany by purchase of stock, and Vail was elected President of Western 
Union. The purpose of this acquisition was to combine the advantages 
of the telephone and the telegraph so that each would find its level of use, 
on the basis of being complementary rather than rival services. This 
viewpoint had been taken by Vail as early as 1902, although he was 
not at that time connected with either company. 

Much progress was made in implementing the concept of com- 
plementary services, but the United States Department of Justice soon 
decided that the association of these two companies violated the 
antitrust laws and required their separation. Accordingly, in 1913, 
AT&TCo disposed of its Western Union stock and Vail resigned the 
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Western Union presidency, remaining President of AT&TCo until 
1919. Meanwhile, friendly business relations were maintained be- 
tween the two companies, to the great advantage of the public at large. 

II. RESEARCH AND DEVELOPMENT ORGANIZATIONS 

While the various organizational changes just related were largely 
made in response to a continuing need for the great amount of capital 
necessary to finance the "Grand System," the parallel necessity for 
promoting the required technical developments was at no time 
overlooked. From the beginning it was Bell System policy not to leave 
technological growth to chance but to foster it within the organization. 

2.1 Mechanical Department of American Bell 

Until 1883, the technical work of the American Bell Telephone 
Company had been carried on by two groups: the Electrical and Patent 
Department, which studied available patents and new apparatus and 
performed all of the engineering functions, and the Stock Testing 
Department. In 1883, an Experimental Shop was organized to supple- 
ment the activities of the Electrical and Patent Department. In June 
1884, the Shop's name was changed to the Mechanical Department, 
although a similar activity today might be called development and 
research. The Mechanical Department was located at 101 Milk Street, 
Boston, and its appearance in 1884 is indicated in Fig. 2-2. A little 
about the activities of this new department appeared in the American 
Bell Telephone Company Annual Report for 1884: 

During the past year the Electrical Department has been reorganized and 
its scope somewhat extended . . . 

In the Mechanical Division, established this year, good and efficient 
service has been done. 


Fig. 2-2. The laboratory of the Mechanical Department at 101 Milk Street, Boston, 
in 1884, from an old wood engraving published in Scientific American. 






38 


Engineering and Science in the Bell System 


The principal work which has shown results has been: A series of 
experiments on long-line apparatus; the protection of our system and 
apparatus from strong currents, either lightning or electric-light currents; 
perfecting the central office apparatus to be used in small exchanges; 
simplifying and perfecting the apparatus in general use; testing wire line 
and establishing a standard for the same. 

Dr. Hammond V. Hayes, trained in physics and engineering at 
Harvard and the Massachusetts Institute of Technology, took charge of 
the Mechanical Department in November 1885. This was, in effect, the 
first formal organization in the continuous chain of research and 
development organizations leading to the present Bell Telephone 
Laboratories. An organization chart of the American Bell Headquarters 
technical staff as of December 31, 1885, is given in Fig. 2-3, and the 
Mechanical Department laboratory in 1886 is shown in Fig. 2-4. Some 
of the personnel of the Department as of about 1889 are shown in Fig. 
2-5. A view of the laboratory where one of these engineers, E. H. 
Lyon, carried out a great deal of his work is shown in Fig. 2-6 as it 
appeared about 1890. 


Fig. 2-3. Organization chart of the American Bell Headquarters technical staff as 
of December 31, 1885. 


HEADQUARTERS TECHNICAL STAFF 

AMERICAN BELL TELEPHONE COMPANY 


DECEMBER 31, 1885 


29 EMPLOYEES 


ELECTRICAL AND 
PATENT DEPT. 

MECHANICAL AND 
TESTING DEPT. 

(H.V. Hayes in Charge) 

| 

STOCK AND 

PACKING DEPT. 

Special Development 

General Experimental 

J. R. Quick 

Work : 

Work : 

E. Berliner 

W. W. Jacques 

Morgan Brooks 

E. H. Lyon 

A. F. Hall 

T. Franc i s Mag u i re 

F. Martin 

H. G. McKenney 

J. H. Flannigan 

G. H. E. Trouvelot 

Instrument Inspection: 

W. L . R 1 CHARDS 


Patents : 

T. D. Lockwood 

Thos. F. Maguire 

G. K. Thompson 

J* B. Wilkins 


V. M. Berthold 

G. W. Pierce 

D . E . R 1 CHARDS 

F. J. Schwartz 

W. B. VanSize 

Shop : 

H. R. Mason 

W. P. Richards 

G. W. Thompson 


SPECIAL WORK 

Cler i cal : 

F. E* Donohoe 


W. A. Hovey 

Joseph Lyons 

Office Boy : 



F. C. Brown 











Fig. 2-4. The laboratory of the Mechanical Department at 
Boston, in 1886. 


141 Pearl Street, 


Fig. 2-5. Some of the personnel of the Mechanical Department about 1889. Seated, 
left to right, W. L. Richards, Harry Sears, Chauncey Smith, and W. J. Hopkins. 
Standing, left to right, E. H. Lyon and Anthony C. White. 
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Fig. 2-6. The laboratory of E. H. Lyon at 127 Purchase Street, Boston, as it 
appeared about 1890. 


2.2 Engineers Department of American Bell 

In 1891, an Engineers Department was formed under American 
Bell's Chief Engineer Joseph P. Davis to standardize plant construction 
and operating methods. Although Davis was nominally in charge of 
both the Mechanical and Engineers Departments, Hammond Hayes 
continued to guide the Mechanical Department independently. The 
American Bell Telephone Company Annual Report for 1893 discussed 
the organization and functioning of the Department under Hayes: 

During the year a reorganization of the engineers' department has been 
determined upon and partly carried out. It has been decided to unite with 
it the mechanical department, thereby much enlarging the scope of the 
work of both departments. Mr. Hayes has been appointed electrical 
engineer, under Mr. Davis, our chief engineer. The work of the 
department has been very considerable in examining and advising upon 
projects for altering, extending, or otherwise improving the buildings, the 
equipment, and the plants of the company's licensees, and in giving 
personal assistance when desired while such work was in progress. Plans, 
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specifications, and estimates have also been made in new underground 
systems where none before existed, and in extending the underground 
systems already existing in other cities. 

The advantage of uniformity in the form of apparatus used, in the mode 
of working, the details of construction, and the various methods of opera- 
tion that are thereby introduced, are highly and extremely beneficial. 

Figure 2-7 is an organization chart for the American Bell Headquar- 
ters technical staff, in Boston, as of December 31, 1895, showing that 
the staff had grown to 81 employees. 


HEADQUARTERS TECHNICAL STAFF 

AMERICAN BELL TELEPHONE COMPANY 

DECEMBER 31, 1895 

81 EMPLOYEES 

ENGINEERS DEPT. 
JOSEPH P. DAVIS, 
CHIEF ENGINEER 

MECHANICAL DEPT. 

H. V. HAYES. 
ELECTRICAL ENGINEER 

EXPERIMENTAL DEPT. 

Condu i t Plans and 

De velophte'nt Studies: 

W. S. Ford 

J. A. Highlands 

B. W. Trafford 

J. Wyman 

Toll Traffic Studies: 

T. 3. Dool 1 TTLE 

G. T. Blood 

T. Cotter 

A. J. Delano 

J. A, McCabe 

R . A . N i chols 

Buildings: 

L. F . Rice 

1 nsurance : 

C. J. H. Woodbury 

Inspection: 

C. H. Cutler 

Draft i ng : 

A. V. Edwards 

Cler i cal : 

S. H. M 1 L DR AM 

M. J. Heaney 

0 • W. Hollis 

Telephone Transmission: 

W. L. Richards 

J. S. Stone 

Switchboard Engineering: 

L. S. Greenleaf 

E. Slade 

T. C. Wales, Jr. 

W. R. Wescott 

A . S . Williams 

Mechanical Construction 
and Design: 

C. H. Arnold 

J. S. Codman 

A. deKhotinsky 

F. C. Moody 

E. C. Robes 

G. K. Thompson 

General Engineering: 

F. L. Rhodes 

Chemical Laboratory: 

J. C. Lee 

G.O. Bassett 

Wire 1 nspec t i on : 

3 Inspectors 

Shop : 

7 Mach i n i sts 

Drafting: 

7 Draftsmen 

Clerical and Students: 

B Employees 

Instrument Testing 
and Packing: 

IB Employees 

W. W, Jacques 

J. H. Flannigan 

H. R. Mason 


Fig. 2-7. Organization chart of the American Bell Headquarters technical staff as 
of December 31, 1895. 
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2.3 Engineering Department of AT&TCo 

At the time that the American Telephone and Telegraph Company 
became the parent company of the Bell System in December 1899, no 
changes were made in research and development organizations, the 
parent company's Headquarters technical staff remaining in Boston 
and the Long Lines Engineering Department in New York City. 

In 1902, because of the poor health of Davis, the Mechanical and 
Engineers Departments were merged into a single organization called 
the Engineering Department and placed under a three-man committee 
of which Hayes was a member. On January 1, 1905, Davis resigned 
from AT&TCo and Hayes was named Chief Engineer and placed in 
charge of the combined Engineering Department. An organization 
chart of this department, now consisting of 195 employees in Boston, 
is shown in Fig. 2-8. 

2.3.1 Traffic Division 

It was in about 1899 when Hayes became concerned about the 
divergence of opinions among the Operating Telephone Companies as 
to permissible circuit and operator loads and other traffic matters, and 
the need for the Headquarters technical staff to keep itself so informed 
as to be able to speak authoritatively on all points relating to operating 
practices. 

Again in 1905, emphasizing that there was no field of development 
work requiring more earnest attention than the improvement in toll 
operating methods, Hayes set up a separate Traffic Division in the 
AT&TCo Engineering Department, placing K. W. Waterson in charge. 
With Hayes' support, Waterson pioneered in the development of the 
traffic unit system that provided a useful tool for calculating force 
requirements and the loads which could be carried while giving 
satisfactory service. 

2.4 Western Electric Engineering Department 

During Western Electric's early history, a group of development and 
design engineers was established to: (i) study the functional or service 
requirements laid down by the parent company's engineers; ( ii ) 
develop instruments, switchboards, station apparatus, and wire and 
cable to meet these requirements; and (Hi) prepare specific designs 
with specifications and drawings for use in manufacturing the 
products in quantity. This organization became known as the 
Engineering Department of the Western Electric Company. Most of its 
personnel were located at Western Electric's New York City headquar- 
ters at 463 West Street; another group was located in Chicago. 

In 1907, Theodore N. Vail, returning to the presidency of AT&TCo, 
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Fig. 2-8. Organization chart of the AT&TCo Engineering Department as of January 1905. 


ENGINEERING DEPARTMENT 
AMERICAN TELEPHONE AND TELEGRAPH COMPANY 
JANUARY 1905 
195 EMPLOYEES 


F.L. RHODES 

Construct i on 
Di vi s i on 


•8. C. GROH 

Estimates and 
Local Construction 

■A. N. MANSFIELD 

Pole Lines, Cables 
ano Specifications 

C. C. WATERMAN 
Field Inspecting 


J. COLE 

G. S. SKIDMORE 


G. T. BLOOD 

Special Stuoies 


H. H. DAVIS 


H. V. HAYES 

Chief Engineer 


J. WYMAN 
Rates and 
Ma i htenanoc 


H. S. WARREN 
Equi pment 
Division 


C. J. H. WOODBURY 
I nsurance 
Engineering 


K. W. WATERSON 
Traf f i c 
Division 


•H. E. HAYES 

Inspection ano Toll 
Line Construction 


■G. K. THOMPSON 

Mechanical Department 


G. A. CAMPBELL 

Electrioal Department 


■J. C. LEE 

Chemical Department 


R. W. MORRIS 

Switchboard Department 


J. C. T. BALDWIN 
Operating Methoos 

J. C. BOYNTON 
P. COLLINS 
L. D. FAUTEAUX 
H. S. HYDE 
H. V. PETTENGIL 
Special Stuoies 


W. G. BLAUVELT 

A. E. SWAN 

C.O. Equipment and 
Traffic Data 

F. B. DRISCOLL 

Development and 
Cable Plans 


G. M. YORKE 

Operating Division 
Long Lines Department 


18 Employees 


J. A. BARRETT - 
Spec i al Work 


W. M. CRAFT 


LINE INSPECTION 
5 Inspectors 


MATERIAL INSPECTION 
8 Inspectors 


•E. H. COLPITTS 
■J. H. FLANAGAN 
'A. GRAHAM 
-F. 8. JEWETT 
-J. 0. MCDAVITT 
■E. C. MOLINA 
-G. W. PICKARD 
-W. L. RICHARDS 

-H. C. STARBIRD 


E. A. GRAY 

Development 


-J. F. MORRIS 

C.O. Equipment 

-W. F. PATTEN 

Spec i al Stuoi es 
ano Inspections 

■L. F. RICE 

Consultant Architect 


■W. H. HORNER - 
Cable Plans 


■J. T. FRANKENBERG — 
Development Plans 


C.J. DAVIDSON 
O.F. FALK 
J.M. FELL 
H.E. SHREEVE 
J.J. SKIDMORE 
A.B. STETSON 
J.F. TOOMEY 

H.B. TUPPER 
H.O. WING 


G.O. BASSETT 
J . A . DACEY 
R.F. HOSFORD 


B. W. 

CAPEN 

L . A . 

DOLAN 

H.J. 

W. FAY 

K.W. 

ENDRES 

A . W. 

FR 1 END 

F.W. 

GALWAY 

J.M. 

GAMMONS 

J.W. 

KIEHLE 

A.L. 

WAKEFIELD 


■ J.T . ALDEN 

E. S. BAKER 
■F.W. KALLOM 
A . C . LYON 

■ L.W. BICKLEY 
H.S. KENDALL 

F. H. LINCOLN 
W.D. REID 
O.P. SCUDDER 
•H.K. TAYLOR 


J. C. LEE 

Drafting, Inst. Insp. 
Clerical ano Shops 


89 Employees 
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took steps to bring together a number of Bell System research and 
development organizations. The Boston laboratory was discontinued, 
the key people (with the exception of Hayes, who terminated his 
connection with the System at that time) being transferred to New 
York City. Some of these people continued to function as the AT&TCo 
Engineering Department in New York City. Others, including E. H. 
Colpitts, were transferred to the Engineering Department of the 
Western Electric Company. The inspection function was also trans- 
ferred to Western Electric. 

A substantial number of engineers from the Western Electric 
Company's Clinton Street engineering unit in Chicago were moved to 
463 West Street, thus completing the first sizable consolidation of the 
technical laboratory personnel in the Bell System. Western Electric's 
Chief Engineer was Charles E. Scribner, who during his career was to 
have a total of 441 patents issued to him. 

John J. Carty, who supervised this consolidation, had been one of 
the original boy operators in Boston, and after holding increasingly 
responsible posts in the operating companies had been appointed 
Chief Engineer of AT&TCo by Vail. Carty was in a sense the creator of 
the profession of telephone engineer. He laid down the respon- 
sibilities of the profession on the widest and most comprehensive 
lines, and fought down flimsy, clumsy methods wherever he found 
them in the still-adolescent industry. 

2.4.1 Research Branch 

John J. Carty, with an uncanny ability to sense the lines of possible 
progress, strongly supported the buildup in research effort in the Bell 
System. He reported in 1911: 

To make adequate progress in this work [fundamental research], it was 
decided to organize a branch of the engineering department which should 
include in its personnel the best talent available and in its equipment the 
best facilities possible for the highest grade research laboratory 
work ... A number of highly trained and experienced physicists have 
been employed . . . Another man in charge of an important investiga- 
tion has had a considerable amount of post-graduate work and was for a 
time a professor of electrical engineering at a well-known institution. 

The Research Branch referred to by Carty was organized in 1911 as 
part of the Engineering Department of the Western Electric Company 
and with E. H. Colpitts as its head. An organization chart showing 
this new branch is reproduced in Fig. 2-9. 

In Chapter 10 we shall have much more to say concerning the spirit 
of fundamental research as fostered by AT&TCo's Carty and his 
colleague Dr. Frank B. Jewett of Western Electric. 

Something of the makeup and activities of Bell System research and 


TELEPHONE ENGINEERING DEPARTMENT N°60Q 
LIST OF REFERENCE NUMBERS 


Reference 


Under Direct 

Reporting 

No. 


Supervision of 

to 

Administration 




601 

Chief Engineer 

C.E .Scribner 

Vice -Pres 

602 

Assistant Chief Engineer 

J . I .McQuarrie 

601 

605 

Assistant Chief Engineer 

F.B. Jewett 

601 

Information Branch 



603 


R . Raymond 

602 

Clerical Branch 




6ll 

Chief Clerk 

R.E. Williams 

602 

612 

Records Division 

R. Qreen 

611 

61 3 

Expense and Order Division 

H.C.Wetzelberger 6ll 

614 

Stenographic Division 

E. Clinton 

611 

615 

Correspondence Clerk 

M.B. Walsh 

611 

Automatic Development Branch 



671 

Supervision Section 

C.F. Baldwin 

602 

672 

Apparatus Design Section 

J.N. Reynolds 

671 

673 

Equipment Section 

W.M. Smith 

671 

67 i 

Circuit Section 

F.N. Reeves 

671 

675 

Laboratory Division 

F.N. Reeves 

671 

676 

Special Investigation Division 

S.B.Wllllams 

671 

Special Studies 




640 

Special Automatic Studies 

A.H. Dyson 

602 

661 

Special Telegraph Studies 

J. H. Bell 

602 



P.M. Rainey 

602 

Telegraph Development Branch 



660 


A.F. Dixon 

602 

Inspection Branch 



648 

Supervision 

A.H.Verum 

602 

655 

Apparatus Division 

F.D. Thompson 

648 

656 

Methods Division 

F.D. Thompson 

648 

658 

Central Office Equipment 

W . C . Adams 

648 


Division 



Line Material Inspection Branch 



650 

Supervision 

C.R. Myer 

602 

651 

Oeneral Supervising Inspector 

C.A. Davis 

650 

652 

Mfg. Cost Study Division 

F.P . Moore 

650 

653 

Special Studies Division 

E.R. Scudder 

650 

Research Branch 




604 

Supervision Division 

E.H. Colpitts 

605 

606 

Special Research Division 

E.H. Colpitts 

604 

607 

Repeater Division 

H.E.Shreeve 

604 

Development Branch 



620 

Supervision Division 

E.B. Craft 

605 

625 

Physical Laboratory Division 

O.E. Stevens 

620 

633 

Power Room Section 

E.Kelber 

625 

Apparatus Design Division 



630 

Supervision Section 

J. J.Lyng 

620 

634 

Design Section 

J. J.Dyng 

630 

637 

Drafting Section 

R.C.Winckel 

630 

647 

Model Shop Section 

J.W. Upton 

630 

Circuit Laboratory Division 



623 


H.L.Darrah 

620 

Transmission Branch 



621 

Supervision Division 

J. C.R. Palmer 

603 

677 

Design Division 

H.B.Wier 

621 

678 

Laboratory Division 

H.C. Benson 

621 

679 

Investigation Division 

H.W. Purcell 

621 

Chemical Branch 




624 


J ,W. Harris 

605 


Fig. 2-9. A Western Electric organization chart of June 1912 showing the Research 
Branch, under E. H. Colpitts, formed in 1911. 
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development organizations is contained in the AT&TCo Annual 
Report for 1913: 

At the beginning of the telephone industry there was no art of electrical 
engineering nor was there any school or university conferring the degree 
of electrical engineer. Notwithstanding this, the general engineering staff 
was soon organized, calling to their aid some of the most distinguished 
professors of science in our universities. 

As problems became more formidable and increased in number and 
complexity, the engineering and scientific staff was increased in size and 
in its specialization, so that we now have working at headquarters on the 
problems of the associated companies 550 engineers and scientists 
carefully selected with due regard to the practical as well as the scientific 
nature of the problems encountered. 

Among them are former professors and instructors of our universities, 
post graduate students and other graduates holding various engineering 
and scientific degrees from 70 different scientific schools and universities, 
60 American and 10 foreign institutions of learning being represented. 

No other telephone company, no government telephone administration in 
the world, has a staff and scientific equipment such as this. 

The Bell Company, recognizing at the outset that the problems of 
telephony would require for their solution the highest degree of scientific 
and engineering skill, has been foremost in the development of telephone 
engineering and in the encouragement of scientific research. 

It can be said that this company has created the entire art of telephony 
and that almost without exception none of the important contributions to 
the art has been made by any government telephone administration or by 
any other telephone company either in this country or abroad. 

The organization of the AT&TCo Engineering Department as of 
March 20, 1915, is shown in Fig. 2-10, and the Western Electric 
Engineering Department as of April 1, 1915, in Fig. 2-11. While these 
are in some detail, they merit this permanent recording because of the 
large number of names, even in lower echelons, which will appear in 
later chapters as notable contributors to technology. 

2.5 Bell System Patents 

From the time that the telephone was invented, patent protection 
has always been vital. The importance of patents to the Bell System 
and the necessity for an active patent staff are emphasized in these 
paragraphs from the AT&TCo Annual Report for 1918: 

At the end of 1918, the Bell System either owned, controlled or was 
licensed under 3,211 United States patents and 1,213 applications for 
such patents, making a total of 4,424. These patents and applications 
cover the entire known telephone field and may be roughly grouped 
into (1) a large number covering innumerable improvements in details, 
which collectively render it possible to vastly improve the character of 
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the telephone service given, and to give this service at a minimum cost; 
and (2) those more or less fundamental to the rendition of a particular 
kind of service. 

It is not an exaggeration to assert that there is not a practical detail 
of telephone development work which is not represented by some patent 
under which the Bell System is free to operate. By reason of this 
favorable patent situation, the Bell System has the right to use all of the 
best and most efficient apparatus that has already been developed, and 
looking to the future there is no field of development from which it is 
excluded. 

And again in the 1920 Annual Report: 

During the past year, the patent holdings of the Bell System have been 
increased by rights under more than a thousand patents and applications 
for patents, an increase of approximately 20 percent. It now owns or con- 
trols, or is licensed under, more than six thousand letters patent of the 
United States and applications therefor. The larger proportion of this in- 
crease is represented by inventions made by our own engineers. Rights 
acquired during the year under other inventions have been acquired largely 
in exchange for rights granted under our own inventions. 

2.6 D&R and O&E Departments of AT&TCo 

In 1919, the AT&TCo Engineering Department was reorganized 
into two groups. One was called the Department of Development 
and Research, under Vice-President J. J. Carty, and the other the 
Department of Operation and Engineering under N. C. Kingsbury. 
The Development and Research Department, commonly referred to as 
"D&R," was later (1934) consolidated with Bell Telephone Laboratories, 
while the Operation and Engineering Department (O&E) remained 
a part of AT&TCo. 

A brief report of the activities of the D&R Department and the 
Western Electric laboratories appears in the AT&TCo Annual Report 
for 1920: 

The year just closed has been one of remarkable activity in the De- 
partment of Development and Research. In this department, including 
the laboratories at the Western Electric Company, 2,800 employees are 
engaged exclusively in research and the development and improvement 
of telephone and telegraph apparatus and materials and methods. Of 
these, 1,100 are engineers, chemists, physicists, and other scientists, among 
whom are graduates of more than 100 American colleges and universities. 
The remainder are laboratory assistants, draftsmen, stenographers, clerks, 
model makers, and administrative personnel. 

At the close of the year, upwards of 2,500 research and development 
projects were in hand, all these calculated to improve the service 
which the associated companies are rendering to the public or to make 
it more economical . . . 
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ENGINEERING DEPARTMENT 

252 Employees - March 20, 1915 


J.J. Carty 
Chief Engineer 


B. Gherardi 
Engineer of Plant 


K.W. Waterson 
Engineer of Traffic 


J.A. Barrett 
H.S. Warren 

Engineering Work for Legal Cases 

I 

E. Miller W.M. Craft 

I 

P.W. Spence 
1 Clerk 


Local Traffic 
Engineer 
W.E. Farnham 


Troffic 
Engi neering 


H. B, Stimson 

F.W. Galway 
H.L. Brown 
H.F. Parker 


Operating 


Traffic 

Engineering 


Operating 

Practices 


Toll Traffic 
Engi neer 
S.H. Browne 



Operating 

Methods 


Toll Line 
Efficiency 


W.D. Sargent 
E.B. Fairman 


Rote Quoting 
and 

Route Systems 


J.W. Kiehle F.M. Bronson H.P. Charlesworth G.W. McRae A.C. Blood 


F. P. Davis 


A. A. Denico W.C. Oakes 


P.R. VanMater 
5 Clerks 


Toll 

Fundamental 

Plans 


E.S. Baker 


Outside Plant Engineer 
F.L. Rhodes 



Plant Methods 
and Costs 


G.T. Blood 

W.H. Horner 
W.A. Taylor 
R.A. Haislip 

R. B. Hill 
K.L. Wilkinson 
C.C. Ayres 

S. C. Corr 


Materials 


R.F. Hosford 

L.B. Fish 
E.B. Griffen 
H.F. Stover 
W.M. Rile 
C.C. Fritz 
H.D. Cutler 
J.W. Hines 


Exchange Aerial 
Plant 

Toll Lines 


C.C. Waterman 

E.M. Matthews 
R.C. Darrow 


Central Office 
Development 


R.W. Morris 

J. F. Toomey 
H.M. Bascom 
H.H. Davis 
R.G. Romsdell 
L. H . Darrow 
C. A. Wright 
C.S. Demarest 
J. Davidson, Jr. 
G. M. McCarty 
G.W. Kuhn 
W.A. Rhodes 
O.M. Arnold 
W.G. Freeman 
E . F. Watson 
2 Clerks 


Equipment Engineer 
L.F. Morehouse 



Central Office 
Engineering 


C.A. Berry 

J.F. Morris 
P. Woollcott 

N. F. Roberts 
H . N . Tyler 
W.A. Hedrick 
R .L . Young 

O. A. Freund 
E.C. Balch 

E. N. Renshow 
W.L. Steckel 
L.W. Cooper 
L .R . Mapes 

F . K . Rowe 


A.H. Moroweck 
E.C. Molina 


Substation 

Equipment 


Special 

Switchboard 

Systems 


W.G. Blauvelt G.K. Thompson 


C.J. Davidson 
E . W . Niles 
L.D. Barrows 
A.O. Hoefer 


Telegraph 

Equipment 


J.M. Fell 
R.D. Porker 

R.E. Pierce 
A . S . Littel 
G.S. Vernan 
2 Boys 
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G. A. Campbell 
Research Enqineer 

I 

1 Clerk 


H.E. Darling 



f raff i c Records, Efficiency & Service 
Operating Conditions 
R . F . Estabrook 



Service Loads, Costs, Special 

I Operating Conditions Studies 


Christensen 
B. French 

J. Hazen 
Clerk 


R. E . Walker 

A.J. Allen 
E.O. Raabe 

R. S. Stannard 

S. Fairchild 
1 Clerk 


E . W . Unangst 


Development Studies 


C.H. Arnold 


Specific 

Development 

Studies 


E.L. Stone Jr. 

C. Wallace 
C. H. Cogswell 
W.G. Holt 
E.A. Plumer 
H.L. Burgess 
G.S. Skidmore 
R.R. Copp 

B. H. Jones 
E. Packard 
R.R. Wight 

J.S. Bradley, Jr. 

C. R. Greenlow 
P.J. Degnan 


Methods 


H.J. Mold 

R. Mason 
J.W. Hathaway 


Chief Clerk 


R.S. Sutliffe 


1 File Clerk 
5 Clerks 
1 Librarian 
19 Stenographers 
17 Copyists 
13 Boys 



Transmission and Protection Engineer 
O.B. Blackwell 
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Fig. 2-10. AT&TCo Engineering Department as of March 20, 1915. 
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Fig. 2-11. Western Electric Engineering Department as of April 1, 1915. 
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2.7 Bell Telephone Laboratories 

By 1924 the technical programs of the Bell System had so grown 
in range and intensity, and in number of personnel, as to suggest 
formation of a single new organization to handle most or all of 
these activities. Such an organization was formed on December 27, 
1924, and started operations on January 1, 1925, under the name of 
Bell Telephone Laboratories, Incorporated. This corporation had a 
dual responsibility — to the American Telephone and Telegraph Com- 
pany for fundamental researches and to the Western Electric Com- 
pany for the embodiment of the results of these researches in 
designs suitable for manufacture. 

In early discussions, it was felt that the AT&TCo D&R Depart- 
ment should be included in this new organization. However, not all 
of the research problems assigned to this department were of a 
laboratory character. The D&R Department had responsibilities in the 
development and establishment of proper standards for transmission 
and for other fundamental operations of communication. It also had to 
envisage the communication art as a whole and to foresee needs 
and trends, and to focus attention on desirable lines of development. 
Accordingly, this department was retained as a part of AT&TCo for 
the time being. It was not consolidated with Bell Telephone Laboratories 
until 1934. 

One of the better accounts, for our purpose, of the formation 
of the new company appeared as a news item in the February 
1925 issue of The Telephone Engineer: 

New York City — Extensions of laboratory facilities for the scientists and 
engineers of the new Bell Telephone Laboratories, Inc., are already 
under way. Laboratory space in the form of a new building covering 
almost a quarter of a city block will be added to the 400,000 square 
feet at present in service in the group of buildings at 463 West 
Street, New York City. At the date of incorporation, the personnel 
numbered approximately 3,600, of whom about 2,000 are members of 
the technical staff, made up of engineers, physicists, chemists, metal- 
lurgists and experts in various fields of technical endeavor . . . 

The chairman of the board of directors of the Bell Telephone Labora- 
tories, Inc., is General J. J. Carty, Vice-President of the American 
Telephone and Telegraph Company. Other members are: Dr. F. B. 
Jewett, formerly Vice-President of the Western Electric Company, President 
of the new corporation, and also recently elected Vice-President of the 
American Telephone and Telegraph Company; W. S. Gifford, executive 
Vice-President of the American Telephone and Telegraph Company; 
Bancroft Gherardi, Vice-President of the same company; C. G. DuBois, 
President, and J. B. Odell, assistant to the President of the Western 
Electric Company. 
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The operations of the Bell Telephone Laboratories, Incorporated, are 
under the direction of E. B. Craft, executive Vice-President, who was 
formerly chief engineer of the Western Electric Company. 

In the functional division of the research, development and engineering 
work of the laboratories, physical and chemical research is organized 
under Dr. H. D. Arnold, director of research; development of apparatus 
under J. J. Lyng, apparatus development engineer; and development of 
communication systems under A. F. Dixon, systems development engineer, 
all formerly concerned with similar activities in the engineering depart- 
ment of the Western Electric Company. Dr. R. L. Jones, inspection 
manager, continues his former responsibilities in engineering inspection, 
and S. P. Grace, commercial development engineer, those of commercial 
development. 

The patent work of the Laboratories is organized under J. G. Roberts, 
General Patent Attorney, formerly Assistant General Patent Attorney 
of the Western Electric Company. 

The corporate and commercial relations of the laboratories are under 
the direction of Vice-President E. P. Clifford, who was formerly 
Commercial Manager of the Engineering Department of the Western 
Electric: Company. John Mills continues as personnel director, responsible 
for personnel activities, and educational and college relations. 

The formation of Bell Telephone Laboratories, Incorporated, provides 
an individual organization, the whole activities of which may be more 
efficiently devoted to the furtherance of research, development and 
engineering investigations along the line in which the parent companies 
have already made such remarkable progress. Its formation is an indica- 
tion of the estimate which these companies place upon the importance 
of properly organized research and is a promise of continuous service 
to the public, to the communication art and to the progress of science. 

Charts showing the organizational framework before and after the 
formation of Bell Telephone Laboratories appear in Figs. 2-12 and 
2-13. The similarity of these two charts, and the carry-over of names, 
point up the smooth transition from the old organization to the new. 

The building at 463 West Street, New York City, headquarters 
for this new organization, is shown in Fig. 2-14 as it appeared in 
1923 when it was still the headquarters of the Western Electric 
Engineering Department. The same building was to remain one of 
the major locations of Bell Laboratories for more than 40 years. 
Today, although no longer associated with the Bell System, it still 
serves as a center for creativity, having been converted into studio- 
residences for artists. 

Likewise, after an additional half-century, the place of Bell Labo- 
ratories in the organizational structure of one of the world's great 
corporate enterprises remains essentially as shown in the diagram of 
Fig. 2-15, dated 1925. The role of science and technology in the growth 
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WESTERN ELECTRIC COMPANY , INCORPORATED 
ENGINEERING DEPARTMENT 



Systems Development Engineer 


Numerals in left hand corner of boxes represent 
department members for accounting purposes. 

Numerals in right hand corner represent number 
of employees in each organization. 


Fig. 2-12. Western Electric Engineering Department as of March 25, 1924. 
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Bell Telephone Laboratories 

INCORPORATED 


GENERAL ORGANIZATION 



Fig. 2-13. General organization of Bell Telephone Laboratories, June 1, 1925. 







rl 


Fig. 2-14. Western Electric's building at 463 West Street, New York City, shown 
1923. In 1925 this building became the headquarters of Bell Telephone Laboratories. 


of the enterprise could have been seen only dimly by the small 
group of Boston merchants who laid the foundations of the business. 
Yet, with vision and almost prophetic foresight, they and their 
successors gave unwavering support to the pursuit of new scientific 
knowledge and its vigorous application, the subject of our remaining 
chapters and of subsequent volumes. 


III. SUMMARY 


The first 50 years following the invention of the telephone saw the 
solution of critical problems of organization that vitally affected the 
growth of the "Grand System" outlined by Alexander Graham Bell. 
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Fig. 2-15. Corporate structure of the Bell System in 1925, showing the new company. 
Bell Telephone Laboratories, owned jointly by AT&TCo and Western Electric. 


Financing the rapid growth of this new venture started with a simple 
“gentlemen's agreement” among a few friends of Bell. When these 
resources proved inadequate, the transition to the corporate form was 
made smoothly under wise management without the stock-jobbing 
and bankruptcies that were so common during the early industrial 
era. By about 1900, the pattern had been set for an integrated 
system consisting of regional operating companies owned by a parent 
company furnishing the interregional connections and responsible for 
overall engineering, development, research, and manufacture. This 
relatively simple organizational pattern has continued to serve the 
needs of the Bell System with little change up to the present. 

During all stages of the organizational evolution, development and 
research were not left to chance but as a matter of basic policy 
were promoted within the System. At first this work was carried out 
by engineering organizations within the parent and manufacturing 
companies but with the formation of Bell Telephone Laboratories it 
was consolidated in a separate corporate body owned jointly by the 
parent company and the manufacturing company. 

The policy of promoting internal technological development was 
started when organized research and development was essentially 
unknown but has proved so successful that it is now common- 
place among progressive industrial companies. However, few modern 
research and development organizations enjoy the autonomy provided 
by a separate corporate entity such as Bell Laboratories. 

In the chapters which follow we shall examine in detail the technical 
advances which occurred during the first 50 years of telephony. 
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We shall see that the early workers in the field had little technical 
background on which to build and had to rely on intuition, in- 
genuity, and experiment. However, by 1900, a theoretical basis for 
electrical communication began to emerge based on application of 
the fundamental research then taking place both within and outside 
of the Bell System. By 1925 this had grown to a fairly comprehensive 
background of basic knowledge, and the new Bell Laboratories proved 
to be an ideal vehicle for expanding and building on this knowledge. 
Bell Laboratories' research and development activities then were to 
provide the starting point for many of the programs leading to the 
subsequent great expansion of worldwide communications. 


Chapter 3 

Station Apparatus 


During the first half-century of telephony, the development of station 
apparatus, as related in this chapter, involved a great expansion in technology. 
The basic principles of the electromagnetic receiver and the variable-resist- 
ance transmitter were covered by the initial Bell patent and within a few years 
had become accepted throughout the industry. By the middle 1890s these 
principles had been implemented in a form which outwardly was not greatly 
changed during the first quarter of the twentieth century. A considerable 
number of internal changes were made during this period, however, largely 
on an empirical basis, to adapt station apparatus to the needs of the expanding 
and changing transmission and switching plant. The same period also was 
marked by the gradual evolution of the theory and the measuring techniques 
which were necessary to remove design from the realm of empiricism so that 
telephone stations could be developed systematically to meet preselected re- 
quirements. The fundamental design techniques worked out during the first 
quarter of the twentieth century were being applied before the end of the 1920s 
and provided much of the groundwork on which the later enormous advances 
in efficiency, quality, and utility could be based. 


I. INTRODUCTION 

Alexander Graham Bell should be credited with two basic communi- 
cation inventions. The first was a device, the telephone instrument. 
The second was what today we would call a “system concept." 

The essence of Bell's invention of the telephone instrument resided 
in his perception of an “analog " 1 relationship between sound pressure 
and electromotive force. What he demonstrated was a physical means 
for converting sound waves into what his associate Watson termed 
“sound-shaped" waves of electric current, followed by reconversion 
at the receiving end. Success on the first attempt, with the primitive 

1 In the language of today's communication art, the term "analog” signifies repre- 
sentation of one variable by another when the relationship is continuous, rather 
than coded or discontinuous. 


59 


60 


Engineering and Science in the Bell System 


and inefficient instruments of Bell and Watson, can be attributed 
to the extraordinary sensitivity with which nature has endowed the 
human ear; for no man-made instrument of that day could have de- 
tected and recognized the first faint words which electrified Watson 
on March 10, 1876. 

The concept, or “Grand System,” sketched by Bell in the 1877 pro- 
spectus quoted in Section X of Chapter 1, proposed a system for two- 
way voice communication between an individual in his home or 
place of business and any other chosen individual wherever located. 
It was essential in this concept that no special skill on the part of the 
user should be required in order to be connected, as desired, to any- 
one at any place. 

The broad system concept was far in advance of existing tech- 
niques and its realization required much original work ' in many 
fields. The evolution of the organizational structure required to pro- 
mote the rapid development of this concept has already been out- 
lined and our remaining chapters can be devoted to the evolution of 
the necessary technology. 

The complete system, as conceived by Bell, involved a number of 
elements, or subsystems. First came the end instruments for con- 
verting between sound and electrical waves. Next, means were needed 
for conveying the electrical waves over great distances. Providing such 
means involves the art of transmission. Third, the transmission paths 
had to be interconnected in such a way as to provide communica- 
tion between the desired end instruments; this is the art of switching. 
And finally, means had to be found for directing the switching opera- 
tion, alerting the person called, and later terminating the call and 
clearing the circuits; these are signaling techniques. In 1877, when the 
concept was outlined, none of these elements was available in usable 
form and there was little theory to guide their development. 

The evolution of these developments will be the subject of the 
chapters which follow. For convenience they will be categorized by 
the major subsystem discussed: end instruments, transmission, 
switching, etc. The reader should, however, understand that devel- 
opment occurred in parallel along all lines and a major part of the 
technical effort was necessarily devoted to designing the elements 
so that they would work together as a coordinated system. 

This chapter will be devoted largely to the terminal equipment com- 
monly designated as "station apparatus.” It also will cover similar 
apparatus used by telephone operators and for the other special pur- 
poses, as well as supplements to the more common customer apparatus 
such as coin telephones, telephone booths, and the like. 

Broadly, station apparatus consists of the terminal equipment 
which provides the interface between users and the transmission 
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and switching portions of the system. This equipment is somewhat 
unique in that it is multifunctional. It includes the end instruments 
which convert speech waves into their electrical analog and recon- 
vert the electrical waves into the acoustical form needed by the user 
at the distant end. Thus they prepare the sound waves for electrical 
transmission and are closely allied to the transmission subsystem. 
The station apparatus also is part of the switching subsystem in that 
it initiates, under control of the user, the signals required to direct 
the routing set up by the switching mechanism to the called station. 
In some cases, rudimentary switching operations are also performed 
by the station apparatus to establish local, usually on-premise, con- 
nections to other stations or to establish connections to one of several 
outside lines. The station apparatus also includes ringers or other 
alerting mechanisms, such as lights, to signal that calls are waiting or 
to indicate the status of calls in progress. Finally, since the station 
apparatus is on the users' premises, it constitutes the part of the system 
visible to the users and, to a considerable extent, is representative 
of the entire telephone system. This is particularly true in these days 
of automation when personal contacts within the telephone system 
are so few. Thus, station apparatus must be designed to be compatible 
with both system and human factors. It must not only function 
properly with the transmission and switching elements of the system 
but also serve as a connecting link between the electrical and human 
elements which enter into a telephone call. 

Because of the multifunctional character of telephone stations and 
their dependence on developments in other areas, it will be helpful 
to anticipate some of the material in later chapters, particularly the 
evolution of the problems faced in developing the wire transmission 
plant. Broadly, this plant is made up of the lines which carry the 
electrical waves between the stations. Originally, each line consisted 
of a bare iron wire supported by an overhead structure, with the 
ground used as the return portion of the circuit. Later, copper re- 
placed iron as the conductor and the "metallic" circuit using a pair 
of wires replaced the ground-return circuit. This "open wire" struc- 
ture was supplemented (and untimately replaced) by bundles of in- 
sulated copper wires in a waterproof sheath. These "cables" pro- 
vided a much more compact structure than open wire and could be 
used either underground or suspended from poles. All of these 
structures presented transmission problems which for 40 years not 
only affected the growth of the network but also greatly influenced 
the development of station apparatus. 

The main problem was "attenuation" or the reduction in strength 
suffered by the electrical waves as they traversed the transmission 
lines. The electric currents produced by the telephone from the 
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voice waves were feeble at best and large amounts of attenuation 
could reduce them to a point where their reconversion to voice waves 
no longer produced audible speech. Consequently, for many years a 
major objective in designing wire plant was to find ways of reducing 
or compensating for attenuation. Considerable success was achieved 
in reducing attenuation, first, by the use of copper in place of iron 
wire, and later by series inductance, or “loading coils," inserted at 
regular intervals. But until the 1907-1912 period the only way found 
to compensate for attenuation was by designing the station instru- 
ments for the highest practical efficiency at the frequencies most 
important for speech transmission. 

By applying all the ingenuity of transmission and station designers 
it became possible to telephone over roughly half the width of the 
continent by the early part of the twentieth century. For greater dis- 
tances the need was obvious: a booster "amplifier" which could be 
inserted in the line to generate, from the attenuated waves, analogous 
but enhanced waves. We shall shortly see that one form of telephone 
instrument was an amplifying device which converted a weak voice 
wave to a higher-powered electrical wave, and it was largely through 
its use that transmission became possible over hundreds of miles. 
However, the development of a line amplifier eluded all efforts 
until the electron tube was invented by de Forest in 1907 and turned 
into a practical amplifier by Arnold and others in the next five to 
ten years. This great invention at last gave the transmission engineer the 
scope he needed and freed the station developer from the rigorous 
constraints under which he previously operated. Further freedom 
was given the transmission and station designer by the development, 
beginning about 1915, of a new transmission medium, a sort of 
"wired wireless," which came to be known as "carrier" transmission. 

With this background, the reasons behind the evolution of station 
apparatus should be more understandable to the reader. However, 
one more matter should be mentioned for the benefit of those with 
little previous knowledge of telephone transmission. As the electric 
currents flow through successive line sections, they are attenuated 
exponentially. If the output/input ratio is x for one section of line, 
it will be x 2 for two, x 3 for three, and so on. In order to simplify the 
treatment of attenuation (and amplification) it has become the cus- 
tom to describe it in terms of the logarithm of a power ratio, instead 
of using a simple ratio, in order to obtain units which are additive. 
The unit currently used almost universally is the decibel (dB) and 
the reader will find it used frequently in this and succeeding chapters. 
Its evolution is described in some detail in Section 5.1.1 of Chapter 
4, but for the present it will be sufficient to say that mathematically 
it is defined as 10 log P t /P 2 , where P x and P 2 represent input and 
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output powers respectively. This formula gives an answer having a plus 
sign for attenuation and a minus sign for amplification. Frequently the 
terms 'Toss'' and "gain" are used to respectively represent a decrease 
and an increase of power, in which case the signs are implicit. Finally, 
those unfamiliar with the decibel may feel the need for an illustration 
of the magnitude of the unit. While this is covered in Chapter 4 also, 
the following table may meet the immediate need: 

dB Power Ratio (Approximate) 

1 1.25 

3 2 

6 4 

10 10 

20 100 

We now discuss the evolution of station apparatus during the first 
50 years of telephony with the hope that our readers will have some 
feeling for, the interaction between the growing technologies in the 
station and transmission areas. 

II. ELECTROACOUSTIC CONVERTERS 

In telephone terminology the device that converts acoustic waves 
into analogous electric waves is referred to as a "transmitter" and 
the one that performs the reverse conversion is designated a "re- 
ceiver." Bell's electromagnetic converter 2 operated reciprocally and, 
as indicated in Chapter 1, was often used in the early days of telephony 
to perform both conversions. Sometimes the same device was used 
alternately as transmitter and receiver but more commonly separate 
devices, both using the electromagnetic principle, were provided. 

While the use of the same basic device for both transmitting and 
receiving functions had the advantage of simplicity, it was highly 
restrictive since converters of the reciprocal type are inefficient, 
particularly when they must meet some of the difficult size and tech- 
nical requirements imposed by telephony. Using nineteenth-century 
techniques, an electromagnetic receiver would roughly convert one 
thousandth of the applied electrical power into acoustic power in 
the ear canal. The efficiency of a similar device used as a transmitter 


2 The basic principle was that a diaphragm, moved by acoustic waves, caused an 
iron element to vibrate in a magnetic field. The resultant disturbances in the field 
induced an electric wave in a coil of wire also placed in the field. Conversely, electric 
waves in the coil disturbed the field causing the iron element (and diaphragm) to 
vibrate, thus generating acoustic waves. See Chapter 1 and Section 2.2 of the present 
chapter for illustrations of early electromagnetic converters. 
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would not be identical but would be of the same order of magnitude. 
Thus the dual conversion from acoustic to electric waves and back 
to acoustic would provide the listener with about one millionth of 
the voice power at the transmitting end, i.e., it would suffer a "loss” 
of 60 dB. With this large loss in the converters little margin is available 
for line attenuation and transmission distance is severely limited. 

Fortunately, there was an alternative to the electromagnetic con- 
verter for performing the transmitter function. This was the variable- 
resistance converter in which the acoustic waves impinging on a 
diaphragm caused a resistance to vary in an analogous manner. By 
placing this variable-resistance element in a circuit with a direct- 
current source, the relatively low-powered sounds could cause con- 
siderably larger electrical waves. Such a device was a true amplifier 
using a low-power acoustic input, not as the source of the electric 
output, but to control a high-power output derived from the direct- 
current source and providing a gain of as much as 30 dB. The possi- 
bility of using such a device was understood from the beginning; 
it was one of the converting techniques mentioned in Bell's first patent, 3 
and the principle was embodied in the electrolytic transmitter 
which Bell used in his first transmission of intelligible speech. After 
the first few years of telephony almost all effort on the improvement 
of transmitters went into the development of practical and efficient 
transmitters of the variable-resistance type and, as noted in Section 

4.2.1 of Chapter 4, these devices were the only practical source of 
amplification available during the first 35 years of telephony. It 
should be stressed that without the development of the variable- 
resistance transmitter, telephony would not have become a commercial 
reality in the nineteenth century. 

Unfortunately, variable-resistance converters were not reciprocal; 
they could not perform the electric to acoustic conversion and no 
practical source of amplification for the receiver was available. The 
receiver, therefore, developed on the basis of the electromagnetic 
principles used in Bell's original device and even now these basic 
principles are used in the vastly improved telephone receivers of 
today and, with slight modification, in the loudspeakers of the public- 
address and entertainment industry. 

2.1 Transmitters 

The evolution of the basic principles used in telephone trans- 
mitters went through several stages but they were reasonably well 
established by about 1890. After this time major effort was devoted 


3 A. G. Bell; U. S. Patent No. 174,465; filed February 14, 1876; issued March 7, 1876. 
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to improving performance and meeting the many evolving require- 
ments of the user and the growing telephone plant. However, 
before describing these events we should consider a few related 
matters, some largely of historical interest and others providing sub- 
stantial technical foundations for events to follow. 

2.1.1 Early Background 

Bell's liquid transmitter, described in Section IV of Chapter 1, 
was the first application of the variable-resistance principle. This 
device, which transmitted the first intelligible speech sounds, used 
a fine wire, attached to a diaphragm, partially immersed in a metal 
cup of acidulated water. The resistance varied as the speech sounds 
caused the diaphragm to move the wire up and down in the acid. 
This transmitter was satisfactory for demonstrating the principles of 
telephony but was obviously not practical for commercial usage. For 
this purpose Bell reverted to the electromagnetic principle and im- 
proved the electromagnetic converter to the point where commercial 
telephony over limited distances could be accomplished. Since this 
type of transmitter was essentially identical to the contemporary 
receiver, they will be described together in Section 2.2. However, 
growth of telephony was dependent on the improvement of the 
variable-resistance transmitter and the microphonic contact was to 
prove the key to this development. Before describing this principle 
it will be interesting to step back a few years before Bell began his 
work and examine another attempt at achieving telephony. 

In 1861, well before Bell's work, Johann Philipp Reis, a professor 
of Natural Philosophy at Garnier's Institute in Frankfurt-am-Main, 
Germany, constructed an apparatus which he specifically called a 
telephone. This apparatus was demonstrated by him before the 
Physical Society in Frankfurt, and he authorized a Mr. Ladd to exhibit 
it to the British Association in 1863. The Reis telephone included 
a transmitter and a receiver (Fig. 3-1). The transmitter comprised 
a membrane with an attached electrode, and a second, spring-sup- 
ported electrode, delicately adjusted so that at each vibrating excur- 
sion of the membrane an electrical contact between the two electrodes 
was made and broken. The receiver consisted of a steel rod attached 
to a sounding board and surrounded by a coil of wire; it operated 
on the magnetostriction principle that was first observed by Dr. C. G. 
Page of Salem, Massachusetts, in July 1837. This apparatus, when 
operating on the make-and-break principle proposed by Reis, 
could transmit and reproduce the pitch or frequency of sounds 
but not their variable intensity or amplitude as required by telephony. 
We can now see that with a different adjustment of the electrodes (in 
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Fig. 3-1. Reis telephone. (Prescott 1879, Fig. 4) 


a manner not contemplated by Reis) a microphonic contact might 
have been obtained that would have produced some amplitude change. 
Thus it is quite possible that a determined and perceptive experimenter, 
working with this device, might have discovered the microphonic 
principle . 4 But the Reis work was not pursued and instead the dis- 
covery and application of this important principle grew out of inde- 
pendent work largely carried out in the United States. 

Credit for the disclosure of the microphonic principle usually goes 
to David E. Hughes but, as we shall see, both Edison and Berliner de- 
serve consideration. The basis for the Hughes claim is a paper that he 


4 It will be recalled that Bell's telephone invention was the outgrowth of his work 
on an entirely different device, the multiplex telegraph. When his instrument 
produced unexpected results, under maladjustment, he was quick to interpret the 
reason and had the vision to see the possibility of furthering his concept of telephony. 
It is interesting to note that A. E. Dolbear, writing in Scientific American of June 1881, 
pointed out that the Reis transmitter did not make and break the circuit at low 
speech inputs and would, at these levels, act much like a Blake transmitter. How- 
ever, it is clear from Dolbear's remarks that even as late as 1881, 20 years after the 
transmitter was proposed by Reis, most technicians still referred to it as a make- 
and-break device. 
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had written and sent to Professor Huxley for presentation and publica- 
tion. Accordingly, this paper, describing experiments with loose 
contacts between various materials, was read before the Royal Society 
in London by Professor Huxley on May 8, 1878. Hughes, bom in 
London, was at the time of his experiments Professor of Natural 
Philosophy at the College of Bairdstown, Kentucky. He had noted that 
a variation in electrical current followed from varying degrees of 
intimacy of contact between two conductors. He described how an 
assembly of three nails, one resting on the other two (Fig. 3-2), was 
highly sensitive to vibrations of either the supporting platform or 
the air. A second form, comprising sharpened pencils of carbon 
resting loosely in conical depressions in carbon blocks and mounted 
on a sounding board, as shown on Fig. 3-3, was found to be extremely 
sensitive. Hughes explained that "these effects are due to a difference 
of pressure at the different points of contact, and are dependent for 
the perfection of action upon the number of these points of contact." 5 
To identify the phenomenon thus exhibited, Hughes revived the 
term "microphone," coined and first used by Wheatstone in 1827 for 
a purely acoustic device (a sort of stethoscope) which he had devised 
"for hearing sounds when it is in immediate contact with sonorous 
bodies." The term "microphone" was used for many years to refer 

Fig. 3-2. Hughes loose-contact microphone. Fig. 3-3. Hughes loose-carbon-contact microphone. 




5 Perhaps the principle discovered by Hughes will be more understandable if re- 
stated in modem terms. He had found that an electrical resistance existed at the point 
of contact between two conductors. With low contact pressures and small contact 
areas, this resistance varied greatly with the amount of pressure applied. Thus the 
very small pressure variations in speech waves could produce the relatively large 
variations in resistance required to produce current changes of a magnitude suffi- 
cient for a useful telephone transmitter. 
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to sensitive loose-contact instruments. Later this term was used as a 
specific designation for the high-quality acoustoelectric transducers 
used in public-address, sound picture, radio, and television work. 
Curiously, it is still so used, even though these devices have not em- 
ployed the Hughes microphonic principle for over 40 years, but the 
term is essentially unused in connection with the telephone trans- 
mitter, a device which still uses the principle. 

The Hughes carbon-pencil microphone was further developed in 
France by Ader and his contemporaries. For commercial use, they 
constructed models having 6 to 12 pencils connected in series-multiple 
arrangements. An account, published in 1884, described a new acoustic 
effect discovered by Ader and demonstrated for the first time at the 
1884 Paris Electrical Exposition in transmitting musical programs. 
He installed his microphones near the stage of the Grand Opera and 
telephones (receivers) at the Exposition Hall for listening. Each 
listener was provided with two Bell receivers (one for each ear) 
separately connected to two microphones that were situated some 
distance apart. As a result, the listener was enabled to picture in 
his mind the position on the stage of the performers and to follow 
their movements to the left or the right. This was the first demon- 
stration of true binaural transmission. 

Hughes and his contemporaries thus not only confirmed Bell's 
concept of a variable-resistance converter, as exemplified by his 
liquid transmitter, but had found a way to achieve large resistance 
variations with small acoustic inputs through the use of loose con- 
tacts between suitable materials. Neither the Hughes microphone 
nor the liquid transmitter was commercially practical for telephony 
but they had set the stage for developing such devices. 

2.1.2 Learning to Apply the Microphonic Principle 

2.1.2.1 Early Edison Transmitter. Credit for the first major applica- 
tion of the variable-resistance contact to telephony goes to Thomas A. 
Edison for his compressed-lampblack transmitter. Edison was a con- 
sultant for the Western Union Company and a subsidiary of this com- 
pany, the American Speaking Telephone Company, was a Bell com- 
petitor. In 1877 he filed patent applications covering transmitters using 
variable-pressure contacts between metal and plumbago (or plumbago- 
coated) electrodes. Interference proceedings held up the granting of 
these patents for 15 years and there is no evidence that these devices were 
ever used. In the meantime he had found that highly compressed 
lampblack (carbon) in contact with metal provided a better variable 
resistance and he obtained a patent on this material. 6 The device 

6 T. A. Edison; U. S. Patent No. 203,016; filed March 7, 1878; issued April 30, 1878. 
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was used into the early 1880s and was found to be rugged and to pro- 
vide a higher output than the magneto transmitters used by the 
National Bell Telephone Company at the time. 

The lampblack transmitter, illustrated in Figs. 3-4 and 3-5, used 
a single contact between a metal diaphragm and the carbon disk 
so arranged that pressure on the carbon, and thus the resistance 
of the assembly, varied in accordance with the sound vibrations 
striking the diaphragm. The adoption of carbon for acoustic modula- 
tion of a direct current was the result of an extensive survey by Edison 
of available materials. The search included "hyperoxide of lead, 
iodide of copper, black oxide of manganese, graphite, gas carbon, 
platinum black, finely divided metals including osmium, ruthenium, 
silicon, boron, iridium and platinum, in fact, all conducting oxides, 
sulphides, iodides, fibers coated with metals by chemical means and 
pressed into buttons, liquids in porous buttons of finely divided non- 
conducting materials." The best material was found to be lampblack 
obtained from the combustion of light hydrocarbons, such as gasoline 
or naphtha, and compressed by the application of several thousand 
pounds of pressure into a solid disk. 

2.1.2.2 Berliner-Blake Transmitter. Because of the superiority of the 
Edison instrument, the American Speaking Telephone Company made 
severe inroads into National Bell operations. Therefore, the Bell manage- 
ment instituted a patent infringement suit in 1878 on the basis that 
Edison's device operated on the variable-resistance principle covered 
by Bell's original patent. The suit was settled out of court in 1879. 
However, because of the early competition. National Bell intensified 
its efforts to produce a better transmitter. 

These efforts resulted in the development of a superior trans- 
mitter, incorporating inventions of Emile Berliner and Francis Blake, 
which was named the Blake transmitter. 




Fig. 3-5. Cross section of early Edison transmitter. 


Fig. 3-4. Early Edison transmitter (1879). 
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Emile Berliner, a native of Hanover, Prussia, was employed in Wash- 
ington at the time of the Centennial Exposition in Philadelphia, and 
so learned of Bell's exhibit. He had also learned from a friend who 

was the chief operator of a telegraph office that a firm contact of 
the telegraph key was required to insure proper action of the sounder, 
and that few women were used as telegraph operators because of 
the lack of suitable strength in their fingers. He correctly deduced 
that a light contact might be used to provide the variable resistance 
needed for a telephone transmitter, constructed a device (Fig. 3-6) in 
which a steel ball pressed against an iron diaphragm, and found that 
the contact resistance did indeed vary as the diaphragm vibrated. 
Berliner filed a caveat for this invention on April 4, 1877; the U. S. 
Patent, No. 463,569, was not issued until November 17, 1891, but 
the National Bell Telephone Company purchased the right to use 
the invention and engaged Berliner in their service. 7 

The Berliner device was not commercially practical without further 
development since it was highly unstable, critical in adjustment, and 
unusable over a wide range of speech volumes without excessive 
distortion. The improvement of the device was undertaken by 
Francis Blake who joined the Bell Company in the summer of 1878. 
He had studied the reports of Hughes' work, and designed a trans- 
mitter on the microphonic principle that also included Berliner's 
concept. In this instrument one electrode was a platinum bead and 
the other was a hard carbon disk. Both electrodes were spring- 
mounted; the springs held them in contact with each other and also 
pressed the assembly against the diaphragm (which did not need to 
be a conductor) so as to be driven by its motion (Fig. 3-7). The edge of 
the diaphragm was encased in a single rubber band, stretched over 
the edge and extending about one-quarter of an inch inwards on 
both faces, an idea contributed by E. P. Wilson of Boston. This band 
served to hold the diaphragm firmly but not rigidly in place, and re- 
duced the effects of mechanical vibration of the transmitter mounting. 
This transmitter was superior to the Edison instrument in clearness 
of articulation, in reliability, and in durability, but not in loudness. 
In 1881, Blake received four patents 8 covering this instrument. 

After 1878, the Blake transmitter rapidly became the Bell System 
standard and remained so for a number of years even though the 
settlement of the patent suit against Western Union in November 

7 Curiously, the descriptive material in Berliner's patent implies the use of his 
device as a receiver as well as a transmitter and the illustrations show it so used. How- 
ever, Patent No. 463,569 claims only its use as a transmitter and states that use as a 
receiver is the subject of a separate claim. Presumably the impracticality of this claim 
was recognized since no patent for such a device seems to have been issued. 

8 F. Blake; U. A. Patent Nos. 250,126 through 250,129; filed September 15, 1881; 
issued November 29, 1881. 
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1879 gave National Bell (soon to become the American Bell Tele- 
phone Company) access to the Edison transmitter patents. Aside 
from the transmitters acquired by the Bell Company from Western 
Union, the Edison lampblack transmitter received little use, but subse- 
quent work by Edison on granular-carbon transmitters had a far- 
reaching effect on Bell transmitter development. 

As a matter of interest, the frequency response characteristic of 
an 1878 model of the Blake transmitter was measured many years 
later, after equipment for making such measurements became avail- 
able. The response curve is shown in Fig. 3-8, and was characterized 
by extreme peaks and valleys, the total variation being as much as 65 dB 



Fig. 3-7. Blake transmitter: cross section of working parts. A, door; B, orifice for sound 
waves; C, iron diaphragm; D, soft rubber ring covering diaphragm rim; E, iron mounting 
frame; F, damping spring; G, light spring holding platinum bead H; I, hard carbon 
disk set in metal backing J borne by heavy spring K; L, means for adjusting pressure 
at microphonic contact between carbon disk and platinum bead. (Redrawn from 
Rhodes 1929, p. 80) 
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FREQUENCY IN HERTZ 

Fig. 3-8. Frequency response of a Blake single-contact transmitter of 1878. 


from the peak at 380 hertz to the dip at 3,000 hertz. But despite peaks 
and valleys, useful output of the Blake transmitter was estimated to 
be nearly 20 dB higher than a contemporary magneto transmitter. 

The Blake transmitter represented the peak development of single- 
contact transmitters, but at the very time when it was being introduced 
into commercial telephony the groundwork for its replacement was 
being laid by Henry Hunnings, an English clergyman. But before 
we discuss the important contribution of Hunnings, we should re- 
view briefly the inventions which carried the art to this point. 

It should be clear to the reader that both Edison and Berliner had 
put to use the microphonic principle before it was disclosed by the 
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Hughes paper of May 1878. In the case of Edison there is some 
question as to whether or not he had appreciated as fully as Hughes 
the significance and generality of the microphonic principle. In his 
patent application (possibly to avoid conflict with Bell's patent) the 
claims emphasized the importance of the material rather than the 
principle. In the case of Berliner it seems clear that his objective 
was to take advantage of the resistance variation resulting from pres- 
sure variation on metals in loose contact. Today, some 90 years after 
the event, it appears that he clearly anticipated Hughes but probably 
did not have as broad an understanding of the principle. His trans- 
mitter performed rather poorly and was difficult to adjust and it was 
only the modifications made by Blake (after Hughes' disclosure) that 
made it a commercially usable device. 

2.1. 2.3 Hunnings Transmitter. On September 16, 1878, Henry 

Hunnings of Bothwell in Yorkshire received a British patent on a 
telephone transmitter using multiple contacts derived by partially 
filling a cavity between two electrodes with finely divided carbon 
("engine coke") in a loose or free state. 9 An electrically conducting 
diaphragm of suitable metal — platinum, silver, ferrotype, or tinned 
iron — formed one electrode and a brass disk formed the other (Fig. 
3-9). Because of the multiple parallel contacts, this instrument could 
carry higher currents than the single contacts of the Berliner, Edison, 
and Blake transmitters, and because of the multiple series contacts, 
its resistance could be made higher. Consequently, the amount of 
direct-current power that could be modulated by the diaphragm 
motion was substantially increased by this design, resulting in about 
a 9-dB increase in efficiency. Although the loose carbon particles had 
a marked tendency to pack together and become insensitive, Hun- 
nings' United States patents 10 were purchased by the American Bell 
Telephone Company. 

The packing characteristic of the original Hunnings design ren- 
dered it unsatisfactory for commercial use but it was developed into 
a more acceptable form by the engineers of the American Bell Com- 
pany who redesigned it in 1885 to use a horizontal diaphragm and 
hard carbon granules. They also gold-plated the electrodes to re- 
duce contamination of the electrode surfaces. This design was called 
the "long distance" transmitter because of its high output. Over ten 
thousand units of this type (Fig. 3-10) were used by American Bell 
in the following years. 


9 A modern transmitter may contain between 3,000 and 50,000 carbon granules, 
depending on design characteristics. 

10 H. Hunnings; U. S. Patent Nos. 246,512 and 250,250; filed May 14 and September 
30, 1881; issued August 8, 1881, and November 29, 1881. 
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Fig. 3-9. Hunnings transmitter (1882). 


Fig. 3-10. "Long distance" transmitter. 


Blake also attempted to adapt the Hunnings concept to his structure 
by replacing the single contact with a chamber containing granular 
carbon. Three designs were coded in the 1888-1890 period and a 
total of about 13,000 units manufactured. A typical design is shown 
in Fig. 3-11. 

2.1.2.4 Edison Carbon-Granule Transmitter. A further improvement 
in the multicontact transmitter occurred in 1886, when Edison 
introduced the use of granules of anthracite coal that had been car- 
bonized by roasting. 11 When properly processed, this carbon was 
much superior to previous forms of carbon in hardness, uniformity, 
and durability. It was quickly adopted as the standard transmitter 
material and has remained so for 80 years. 

Commercial carbon had been available for many years as charcoal, 
obtained from wood or vegetable matter, and as coke, obtained 
from certain types of bituminous coal. It had also been available 
in molded forms such as rods, plates, and crucibles. The molded 
forms were produced by pulverizing the charcoal or coke and mixing 
this dust with syrup or molasses. This mixture was then compressed 
in prepared molds and raised to white heat for an hour or more; 
the compactness and hardness were increased by repeated soaking 
in syrup and heating. The finished product contained all of the non- 
volatile impurities of the raw material. As better-quality carbons 
were needed (specifically for arc light pencils), lampblack, retort 

11 T. A. Edison: U. S. Patent No. 406,567; filed February 19, 1886; issued July 9, 1889. 
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carbon, and gas carbon were substituted for coke and charcoal as 
the raw material; as noted previously, Edison used a selected lamp- 
black for preparing his early transmitter buttons. 

The established superiority, for telephone transmitter usage, of 
roasted granular carbon made from anthracite coal relative to other 
known materials is due to its unique combination of properties which 
include: great hardness, elasticity, surface geometry (roughness), heat 
conductivity, electrical conductivity, infusibility, and the fact that its 
oxides are gases. 

2.1.3 Large-Scale Commercial Production 

The Edison granular carbon provided the last building block 
needed for developing variable-resistance transmitters which would 
be efficient, stable, and capable of large-scale production. Even though 
the basic principles and a suitable granular material had been devel- 
oped, a practical design still had to be devised. A main problem re- 
maining was the mechanical and electrical "packing" of the carbon 

Fig. 3-11. Blake granular-carbon transmitter (1888). (Frederick 1931, Fig. 17) 
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(C) 


Fig. 3-12. White's solid-back transmitter (1890). 

granules which greatly reduced the output. 12 It was frequently 
necessary to jar or shake the transmitter before normal operation 
could be obtained. A major step in overcoming this obstacle was made 
by Anthony C. White, an American Bell engineer, with his invention 
of the "solid-back transmitter" in 1890. 13 

12 "Packing" is of two types, electrical and mechanical. Electrical packing is a form 
of the "cohering" of conducting particles that later was to prove so useful in early 
wireless. When this occurs, the carbon granules cling together, the resistance is greatly 
reduced, and the sensitivity to sound waves may be reduced to a few percent of the 
normal state. Fortunately, roasted carbon does not cohere readily, requiring a voltage 
of IV 2 volts or more between contacts as compared to about 1/10 volt for metals, and 
can be reasonably well controlled by proper design and selection of operating voltages. 
Mechanical packing is due to a settling and compressing of the carbon mechanically, 
and in early transmitters was often associated with heating effects in the transmitter 
itself. The understanding of the causes of packing and design techniques to minimize 
it which were developed in the 1890s represented major advances in transmitter 
design. 

13 A. C. White; U. S. Patent No. 485,311; filed March 24, 1892; issued November 1, 1892. 
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The structure and essential elements of the solid-back transmitter 
are illustrated in the three parts of Fig. 3-12, taken from the White 
patent. Part (a) is a cross section showing how the essential element, 
the so-called button, is placed between the diaphragm to which it 
is attached at the front and the metal bridge to which it is fastened 
at the back. This heavy metal bridge, which solidly held the button 
in place and gave rise to the "solid back" name, is shown more clearly 
in the rear view of the transmitter given in part (c). The latter also 
shows quite clearly the two rubber- covered springs which held the 
diaphragm against its support and provided mechanical damping to 
prevent unwanted spurious responses and thus control the electrical 
characteristics of the device. Following earlier practice the periphery 
of the diaphragm was encased in a rubber band. The button, which 
was the uniquely important element, is illustrated in part (b) of the 
figure. This button contained a chamber partially filled with roasted 
carbon granules providing multiple contacts between two carbon- 
disk electrodes. The rear electrode was attached to the bridge and 
the front electrode was free to move under the influence of the 
diaphragm (to which it was attached by a screw). The front enclosure 
of the button was an annular ring of thin mica which permitted motion 
of the electrode in a piston-like manner and insulated the two elec- 
trodes so that the current path was through the carbon granules. 
In addition to being more reliable and less susceptible to packing, 
the output of the solid-back transmitter was about 2 dB higher than 
the Hunnings long-distance transmitter. 

This transmitter proved to be the prototype for nearly all the 
customer-used transmitters produced during the 35 years following 
White's invention. Before relating the evolution of the solid-back 
transmitter into high-production designs, it may be interesting to 
recall the devices which preceded it by reviewing Fig. 3-13 which 
shows the significant development steps in roughly chronological 
order. The three devices at the top are early forms of the magnetic 
transmitter (mentioned in Chapter 1 and discussed further in Sec- 
tion 2.2 of this chapter). The second line shows the early steps in 
developing the variable-resistance principle beginning with Bell's 
liquid transmitter and continuing with the early efforts of Berliner 
and Edison in applying the microphonic principle. All of these 
devices were produced within roughly the first two years after Bell's 
invention and received at most very limited commercial application. 
During the next few years the more practical designs shown at the 
bottom of the figure were introduced and manufactured in some 
quantity. These designs included the Blake device, which culminated 
the application of the single-contact principle, and the long-distance 
transmitter which embodied the first practical application of the 
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Hunnings multicontact invention. Finally, by 1890, 15 years after 
Bell's original work, the solid-back transmitter had been developed 
and was to serve as the basis for transmitter design until the mid- 
twenties of the following century. 

The evolution of the Bell System solid-back design is illustrated in Fig. 
3-14. By 1895 the design had been considerably refined and standardized 
as the No. 229. In this device the diaphragm was made of aluminum 
instead of the iron or steel used prior to White's solid-back design. 
The lighter diaphragm responded more readily to air motion and 
was retained in the later models. 

Beginning in 1906 a number of special transmitters were built 
in which the case (and other parts coming in contact with the user) 
was insulated from the parts connected to the line. This desirable 
safety feature was standardized in the 329 transmitter introduced 
in 1913. Several minor changes were also made at this time including 
the use of steel instead of brass for the bridge (a change retained 
in later designs). Electrically the performance was unchanged. 

In the Nos. 229 and 329 transmitters, the simple disk diaphragm 
was attached to the front button-electrode by a threaded nut, but 
this arrangement was changed to a pressure contact in the Nos. 323 
and 337 (introduced in 1917 and 1919 respectively). The No. 323 
transmitter employed the same button structure as the 229 and 329 
but the vibratory system was changed to improve efficiency. A new 
form of diaphragm was used, the edge being turned over to provide 
a narrow contact with its seat at the outer edge. This edge rested 
on an insulating ring of varnished cambric (the long-used rubber 
band being omitted from the periphery). The dual damping springs 
were also omitted, a single spring near the center of the diaphragm 
being substituted. This spring not only provided damping but also 
served both to conduct current to the front electrode and to hold 
the electrode against the diaphragm. The diaphragm was thus less 
loaded, both at the edge and at the center, and so had increased 
freedom of vibration. The 323 structure was also arranged for bracket 
mounting and coded the 353. 

The No. 337 transmitter of 1919 used a new form of button with 
a conical back and small back-electrode. This redesign increased the 
transmitter resistance with accompanying improved efficiency. How- 
ever, since the high efficiency was undesirable on short loops and 
the transmitter tended to be noisy under these conditions, its use 
was limited to long loops, originally those over 300 ohms in resistance. 
Later this limit was reduced to 150 ohms. 

During the period we have been discussing, the telephone plant 
had been undergoing a major change. Originally, the power for 
the transmitter was supplied at the user's premises by one to three 
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cells of battery, each with an output of 1.5 volts. It was customary to 
design transmitters for this "local battery" service with a low resist- 
ance in order to maximize the amount of direct-current power avail- 
able from the low-voltage source. Usually a resistance of from 5 to 
10 ohms was achieved. The requirements changed, however, as 
"common battery" offices were introduced beginning late in 1893. 
In these offices a battery at the central office with an output of 16 
or more volts was used to supply direct-current transmitter power 
over the telephone lines. This greatly reduced the cost and nuisance 
associated with local supply and the practice grew rapidly. However, 
with common-battery supply the resistance of the supply circuit was 
large and in spite of the higher-voltage source the transmitter 
current was usually smaller than that obtainable with local batteries. 14 
In order to compensate for the loss in efficiency which this would 
cause, transmitters for common-battery use were designed for a 
higher resistance (usually 25 to 40 ohms). The original solid-back 
transmitter used a low-resistance button (No. 3 type) but a high- 
resistance button (No. 7 type) was developed for common-battery 
service. For some time both types remained in use, according to the 
battery supply employed, but before long the high-resistance type 
was used universally. 

While the basic electrical design was not greatly changed over a 
long period from its 1890 prototype, very significant changes were 
made in manufacturing methods and particularly in the manu- 
facture and control of the carbon granules. Exacting procedures 
were required in all stages of transmitter production. No contamina- 
tion of the carbon electrodes or granules was permissible; the quantity 
of carbon granules used in the buttons was closely controlled. The 
tension of the diaphragm and button assembly required accurate 
adjustment and the completed instrument was voice- tested to assure 
proper performance. For a considerable period of time this work 
was done by the Western Electric Company at 463 West Street in 
New York City. A view of the transmitter assembly operations about 
1906 is shown in Fig. 3-15. 

The external appearance of Bell System transmitters varied widely 
over the years depending both on the electrical design and the manner 
in which they were used. During the first 50 years of telephony 
roughly a hundred different transmitters had been designed. Figure 
3-16 shows in chronological order some of the variations. By 1925 
all the designs shown had been discontinued and the Types 323, 


14 The current also varied with loop length, unfortunately being lowest on long 
loops where line attenuation was highest. Despite this problem, the advantages of 
common-battery operation were so great that it was rapidly adopted in new offices. 
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Fig. 3-15. Transmitter assembly on the 9th floor of Section C at 463 West Street, 
New York City about 1906. 


353, and 337 were the basic standard models for customer use and 
were designed to fit in various mountings. Many of the models shown 
in Fig. 3-16 represent minor variations in mounting or design for 
limited special usage (police, military, etc.) and will not be individually 
identified. A few of the types illustrated were intended for operator 
use and will be mentioned later. 15 Some of the more important 
types designed for customer use are listed below, together with their 
production dates and quantities. 


Identification 
No. in 

Fig. 3-16 

General Type 

Date 

First 

Produced 

Quantity 
Manufactured 
(Bell System) 

1-11 

Magneto box telephones 

1877 

6,000 

12-16, 19 

Blake transmitters 




(16 and 19 most used) 

1878 

340,000 

20, 21 

Edison transmitter 

1881 

2,000 

25-28 

Long-distance (modified 




Hunnings) transmitter 

1886 

12,000 

30-32 

Blake granular-carbon 




transmitter 

1888 

13,000 

15 Telephone 1 

transmitter Type 234 (No. 77 in 

Fig. 3-16), introduced in 1900, is 


most significant since it introduced a pattern used for many years. 
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38-42, 54, 

58, 69, 80, 
85, 88 

Early solid-back transmitter 
for local- battery use 

1891 

930,000 

55-57, 64 

Early solid-back transmitter 
for common-battery use 

1894 

590,000 

65, 66, 81, 87 

Solid-back transmitter of 
type 229 and related types 

1895 

4,600,000 

94 

Type 329 transmitter 

1912 

3,500,000 

(Not shown) 

Types 323 and 353 
transmitters 

1917 

7,000,000* 

(Not shown) 

Type 337 transmitter 

1919 

700,000* 


* Estimated production through 1925. 

It will be noted that, despite its shortcomings, the Blake transmitter 
was the mainstay of the business in the early years. The Blake 
granular-carbon transmitter, first produced in 1888, presented so 
many problems due to packing that it did not receive large commercial 
use. White's solid-back design rendered the granular-carbon instru- 
ment practical and it was only then that the true potential of telephony 
could begin to be realized. 16 

2.2 Receivers and Other Electromagnetic Converters 

Bell was not the first to construct a device to convert electric waves 
into sound. In 1837, Dr. C. G. Page, in Salem, Massachusetts, noted 
that sounds were emitted by a magnet if the magnetism was suddenly 
changed. (The magnetostriction principle later was used by Reis in 


16 In 1908, Hammond V. Hayes, who was closely associated with telephone devel- 
opments between 1885 and 1907, testified in a court case concerning the perform- 
ance of early transmitters. Some of his testimony will be of interest: "In the early 
days, 1879 and 1880 or thereabouts, we had two forms of telephone transmitters, 
the Blake transmitter and the Edison transmitter. These two were both objectionable. 
The Blake transmitter was unsatisfactory, for the reason that if you tried to make it 
powerful and spoke closely to it the instrument broke, rattled, was indistinct. The 
Edison transmitter was objectionable, because you could get very little volume from 
it except when you spoke with your lips pressed directly against the mouthpiece, 
which was a condition very hard indeed to get subscribers in the field to do. . . . the 
Hunnings transmitter . . . was bought by the Bell Company with the expectation 
that it would relieve us from the objections which were inherent in the two earlier 
forms . . . But we found that the Hunnings transmitter had a difficulty inherent to 
it, which rendered it uncommercial (i.e., packing)." Several men competed in an effort 
to produce a workable design. Hayes continued, "The other experimenters' results 
did not compare with those that Mr. White got. White produced this instrument, 
which we called a solid-back instrument to distinguish it from the pivoted instru- 
ment, which had a loose back, which the other men had in competition with White. 
White's instrument proved to be all right. We made the instrument up in the model 
form, and it has been in use from that day until the present time with practically no 
change whatever in design or proportions." 
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his experiments.) In 1870, Varley discovered another principle (put 
to use many years later) when he found that sound may be emitted 
by a condenser (capacitor) when its charge is varied. However, none 
of these discoveries led to direct application as did Bell's electro- 
magnetic principle which, after nearly a hundred years, is still em- 
ployed in telephone receivers. 

The requirements of an electromagnetic receiver of the Bell type 
are simply stated: First, there must be a constant magnetic field ex- 
erting a pull on a diaphragm. Superimposed on this field there should 
be a lesser field varying in proportion to the voice currents. This 
variable field, aiding or opposing the fixed field as determined by the 
voice currents, causes the diaphragm to move back and forth, gen- 
erating acoustic waves similar to the voice currents. Such a device 
can be implemented in many ways: a very simple one, illustrated 
schematically by Fig. 3-17a, consists of a simple bar-type permanent 
magnet exerting a force on a magnetic diaphragm, with a voice 
coil wound on the bar to provide the variable field. The need for the 
fixed magnetic bias provided by the permanent magnet is illustrated 
in Fig. 3-17b. Without the bias, as shown at the left, positive and nega- 
tive currents cause displacement of the diaphragm in the same direc- 
tion and the sounds produced by a sine wave with frequency / would 
be made up of several components with a tone at frequency 2/ 
being preponderant. With a bias, as shown at the right, the displace- 
ment varies both with polarity and magnitude of the current and the 
sound wave is similar to the applied electrical wave. A number of 
variations in this basic structure are possible but fundamentally the 
action is as described. As noted earlier, such a device can also act 
reciprocally, a variation in pressure on the diaphragm inducing 
electric currents in the voice coil. 

While the basic principle can be implemented simply, the design 
of a receiver to meet telephonic requirements is not so easy since 
performance is affected by many factors. For example, a diaphragm 
clamped at the edges does not vibrate freely. At certain frequencies 
it vibrates more readily than at others, these resonant frequencies 
being determined by the size and weight of the diaphragm, the manner 
in which it is supported, the size and shape of the acoustic cavities 
on both sides of the diaphragm, temperature changes, etc. The 
effects of these characteristics were not fully subject to analysis 
until about 1920 and, for the years preceding, the relation between 
mechanical design and acoustic performance was largely deter- 
mined on an experimental basis. 

The performance of the receiver is also determined by the magni- 
tude of the fixed and variable magnetic fields. This was appreciated 
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Fig. 3-17. (a) Schematic illustration of Bell-type electromagnetic receiver, (b) Effect 

of magnetic bias on reproduction of sound waves from a sine-wave current applied 
to Bell receiver. 


in a general way very early in the development of the receiver , 17 
but the complete mathematical analysis did not come for a number 
of years. In a somewhat simplified way it can be said that the force on 
the diaphragm can be broken down into three components. One is 
a steady force determined by the fixed magnetic field and does not 
directly affect the receiver performance so long as it is not large 

17 Maxwell indicated the effects of the fixed and variable fields in work published in 
the late 1880s. 
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enough to cause the diaphragm to touch the pole pieces or cause 
saturation of the magnetic field. (Either of these situations would, 
of course, prevent a variation due to the voice field.) The second 
component is the variable force following the voice-current variation 
and its magnitude depends on the flux from both the fixed and 
variable fields. Because this component depends on the fixed field, 
it is desirable to have the fixed magnetic flux as high as practical con- 
sistent with the other limitations. The third component is a distortion 
component that is manifested principally as a sound with double the 
applied frequency. This component is dependent on the relative 
strength of the fixed and variable fields and can be kept small by 
having the fixed field large relative to the variable field, another 
reason for having a strong fixed field. 18 

e 

2.2.1 Early Magneto Converters 

The electroacoustic converters of the magneto type, used in Bell's 
early work, are covered in Chapter 1. The earliest ones used electro- 
magnets which served both as the voice coil and, powered by a battery, 
as the source of the fixed magnetic field. Bell's reed receiver (see 
Fig. 1-5) had only a rudimentary diaphragm but a true diaphragm 
was incorporated in the "gallows” telephone (see Figs. 1-7 and 1-8) 
and all subsequent models. At first the diaphragm was non-metallic 
with an iron plate or slug serving as a driving armature, but the iron 
diaphragm was used in the Centennial Exposition demonstration of 
1876 and thereafter was a permanent feature of the design. The 
permanent magnet was introduced by Watson in 1876 and there- 
after completely superseded the electromagnet except for some experi- 
mental designs investigated in the 1919-1922 period. 

Except for a few demonstrations with the electrolytic transmitter, the 
electromagnetic converter was used as transmitter and receiver both in 
early demonstrations and service installations. Bell's "box" transmitter 
was one of the earliest used for customer service and some 6,000 of the 
various models were constructed. Initially, with this device, the user 
alternately talked into or listened to the sound from the diaphragm 
behind a shallow opening. The active mechanism consisted of a large 
U-shaped permanent assembly of two bar magnets with soft-iron pole 
pieces on which the voice coils were wound. The diaphragm in this 
and all subsequent magneto converters was a circular piece of thin 
iron supported at the periphery. A typical telephone of this time is 
shown in Fig. 1-16 and several others are shown in Fig. 3-16 (item 
1 through item 11). 

18 The extreme case, for which the fixed field is zero, is illustrated at the left in 
Fig. 3-17b. 
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(a) (b) 

Fig. 3-18. Butterstamp receivers with wooden cases: (a) early model; (b) later model 
with compound magnet. 

This awkward device was replaced by a hand-held converter (see 
Fig. 1-19) which came to be known as the "butterstamp" receiver 
because of its overall shape. 19 The fixed magnetic field was provided 
by a bar magnet along the axis of the case with a single voice coil at 
the diaphragm end, usually wound on a soft-iron pole piece. Two 
early types are shown in cross section in Fig. 3-18, one with a single 
bar magnet, the other with a two-bar assembly. In these models the 
case was made of wood but this material changed in size with 
moisture content giving rise to variation in the spacing between the 
pole pieces and diaphragm. Before the end of 1877, hard-rubber was 
being used for the case and this dimensionally stable material 
continued in use for roughly 50 years. The general shape of the 

19 It may be necessary to remind present-day readers that in the nineteenth century 
butter was sold in bulk. The butter stamp was a wooden device used by the house- 
wife for molding butter into round pats, with a design on top, to make it more attrac- 
tive for table use. 
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hand-held receiver was also continued for about the same period but 
with numerous changes in external details and internal mechanism. 

The early butterstamp converters were used both as transmitters and 
receivers; some installations used a single unit alternatively and others 
provided two units, one for each function. They were also used as 
receivers with the box telephone serving as the transmitter. 

But the use of the electromagnetic converter as a transmitter soon 
came to an end with the introduction of the Blake and other 
variable-resistance transmitters around 1878, and thereafter the elec- 
tromagnetic device was developed solely as a receiver. 

2.2.2 High-Production Hand-Held Receivers 

The original butterstamp receiver evolved rapidly into a design suit- 
able for commercial use and was coded the No. 101 in 1877 (Fig. 3-19). 
In many ways this was a remarkably advanced design incorporating 
features that were to remain satisfactory for many years such as the 
high-quality hard-rubber case and cap, the latter with internal threads 
for screwing to the case. The No. 101 receiver was redesigned, without 
change in code, in 1884 and again in 1898. In each case the changes 
involved mechanical details not affecting electrical performance. In all, 
over a half-million of the 101-type receivers were manufactured. 

The magnetic circuit of the unipolar receiver was inefficient since 
the flux had a long return path through the air. Better magnetic circuits 
had, in fact, been used in Bell's Centennial Exposition instruments of 
1876 (Fig. 1-12) and in the box telephone, but these designs did not 
readily lend themselves to the hand-held receiver which was proving 
so convenient. 

By 1890, continued experiments by Bell and Watson had established 
that considerable additional improvement could be obtained with a 



Fig. 3-19. Cross section of large hard-rubber hand-held receiver (code No. 101) of 1877. 



Fig. 3-20. (a) Two basic types of hand-held receiver, (b) Early bipolar receiver, 

1895 version. 

U-shaped magnet fitted with two pole pieces and two voice coils 
connected in series, and means were soon devised for fabricating such 
a structure in a hand-held receiver. In this bipolar structure the main 
flux path was short, comprising the two pole pieces, the diaphragm, 
and the two air gaps between the pole pieces and the diaphragm. The 
improved magnetic circuit of the bipolar receiver is clearly shown in 
Fig. 3-20a which compares it with the unipolar type. Figure 3-20b shows 
an 1895 design implementing the bipolar principle. 

The amount of increase in receiver efficiency obtainable by improv- 
ing the magnetic bias was limited by magnetic saturation in the 
diaphragm. This had been discovered as early as 1879 when the use of 
multiple magnets (Fig. 3-21) was tried with disappointing results. 
Even though the gain in efficiency was restricted by saturation, 
sufficient benefits were achieved to warrant the use of the bipolar 
design and such a structure has been used almost universally since 
about 1895. 


A 
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Fig. 3-22. The 122-type receiver of 1902. Fig. 3-23. The 144-type receiver of 1912. 


Fig. 3-21. Early attempt to increase receiver efficiency by addition of magnets. 


The first bipolar receivers were made in 1890 (coded the No. 108) in 
a lot of about 500, but it was not until 1894 that an improved design 
became available. Several changes were made in 1895 and 1896 (coded 
the Nos. Ill and 112). These types were used quite widely until the 
122-type receiver (Fig. 3-22) was introduced in 1902. This remained the 
standard hand-held receiver until the 144-type was introduced in 1912 
(Fig. 3-23). This receiver was not only several dB more efficient than 
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the 122-type but also included a number of mechanical and manufac- 
turing improvements. The cord terminals were placed inside the case 
so that the user could not come in contact with the electrical wiring. A 
brass cup welded to the magnet structure provided a rigid support for 
the diaphragm and reduced the variability in spacing between the 
pole pieces and the diaphragm. The cup also provided a closed space 
behind the diaphragm and kept the coils and air gaps free from dust and 
dirt. Typical manufacturing improvements were the use of form- wound 
coils and spot welding to join the pole pieces to the magnets. 

2.2.3 Small Receivers 

In addition to the large hand-held receivers just described, which 
were intended for the commercial subscriber, there was also a need for 
a small receiver for special applications, particularly one which could 
be mounted on a headband for operators and central- office workers 
who required the use of both hands in their work. The major problem 
was the production of a permanent magnet that was small, light, and 
sufficiently powerful to meet the requirements for efficiency and 
freedom from distortion. Some of the small instruments also had to 
meet other special requirements to permit their use outdoors, in 
diving helmets, and so forth. As a result, of the 64 designs of receivers 
that had been standardized by about 1912, approximately two-thirds 
were of the small types. Most of them were used with headbands to 
support them in position on the ear but one at least was attached to a 
silk cap worn by the operator. 

The first small receivers made in any quantity were designed in 1884 
and 1885 by Richards. These were single-pole receivers using a long 
bar-magnet external to the receiver case (Fig. 3-24). Originally these 
receivers used some of the parts of the 101-type hand-held receiver, 
but later there was some reduction in size. Several thousand were 
made. Berliner proposed the use of a magnetic headband in place of 
the external bar magnet used by Richards but the idea, while 
ingenious, seems to have had little more in its favor. In 1885, Gilliland 
introduced an interesting design with a cast-iron magnetized case 
supporting the diaphragm and serving as one pole piece. The voice coil 
was wound on a soft-iron pole piece in the center. Thus this receiver 
had a magnetic circuit, closed except for the gap between the central 
pole and diaphragm. 

The bipolar principle, with its improved magnetic circuit, provided 
the most practical way to achieve sufficient magnetic bias with a 
magnet small enough to fit inside the case. The first small receiver 
incorporating this design was the “watch case" receiver (Fig. 3-25) 
which was introduced in 1894 and became the prototype for future 
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Fig. 3-24. Richards head telephone, old style of 1884. 


small receivers. After some minor modification in the bipolar design, 
the No. 128 receiver was introduced in 1900 and it continued as the 
standard operator's receiver until 1920 when it was replaced by the more 
efficient No. 528. Well over 400,000 of the 128-type receiver were 
manufactured. This receiver was internally similar to the watch-case 
receiver, containing a small three-leaf magnet within the case. It was 
originally used with the rather heavy two-piece headband with which 
it is pictured in Fig. 3-26a. Simpler headbands were introduced later 


) 



(a) (b) 

Fig. 3-25. First bipolar head receiver: (a) watch-case receiver (code No. 121) of 1894; 
(b) magnet and coil assembly. 


k 



Fig. 3-26. Bi 
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and when the smaller and lighter 528-type receiver was developed, a 
lightweight wire band became practical as shown in Fig. 3-26b. 

By 1925, when the 144-type was the principal hand-held receiver 
and the 528-type the main head receiver in production, some 60 
designs, illustrated in Fig. 3-27, had been manufactured and discon- 
tinued. The more important types are identified below, together with 


their production dates and quantities. 



Identification 
No. in 

Fig. 3-27 

General Type 

Date 

First 

Produced 

Quantity 

Manufactured 

1-4 

Butterstamp receiver — 
wooden case, single pole 

1877 

-3,500 

5-8 

Small rubber-case 
receiver — single pole 

1877 

290 

9, 16, 47 

Large rubber-case 
receiver — single-pole 
compound magnet (three 
forms all coded 101) 

1877 

570,000 

25 

Early bipolar receiver 
(Code 108) 

1890 

530 

38, 44, 45 

Improved bipolar receivers 
(Codes 110, 111, 112) 

1894 

860,000 

54 

High-production bipolar 
receiver (Code 122) 

1902 

5,500,000 

18-20 

Early Richards head 
telephone 

1884 

4,000 

21 

Gilliland cast-iron head 
telephone 

1885 

1,700 

39, 42 

Early type of watch-case 
receiver — bipolar, self- 
contained magnet 

1894 

23,000 

49, 62-64 

High-production operator 
receiver (Code 128) — 
bipolar with self- 
contained 3-leaf magnet 

1900 

400,000 

2.3 Design Objectives and Performance 




At the beginning, the urgent necessity was for a commercially 
practical instrument design. This meant instruments with a usable 
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quality of speech, with enough efficiency to permit transmission over 
a useful distance, simple enough to be used without special training, 
stable enough to be used on the user's premises with little adjustment 
or maintenance, and capable of being manufactured by the thousands 
at small unit cost. This was a large order. A reasonably good receiver 
design was achieved in a few years but the transmitters in the 1880s 
left much to be desired and it is rather surprising that, with the 
facilities available, the Bell System was to have as many as 200,000 
stations in operation in 1890, the year when basic designs became 
available that were potentially capable of meeting the design objec- 
tives listed above. During the next 25 years the designers could 
concentrate on improving the performance and the manufacture of the 
bipolar receiver and the solid-back, granular-carbon transmitter. 

Throughout this period an overriding consideration was that of 
increasing the distance over which communication was possible. It 
will be recalled that until about 1915 there was no source of speech 
amplification available except for the carbon transmitter. Once hard- 
drawn copper wire had been adopted for line construction in the 
middle 1880s, little could be done to reduce line attenuation (except for 
the limited benefits from increased wire diameter) until the introduc- 
tion of loading around the turn of the century. Even this development 
was only a partial solution incapable of meeting the needs of 
transcontinental telephony. So, during this long period, the main 
potential for extending communication distance lay in improving the 
instrument efficiency. Consequently, designers struggled to achieve 
even small gains since each improvement by a decibel would extend 
this distance by 30 to 70 miles. 20 

It might be thought that the proper approach to instrument design 
would have been to concentrate on fidelity of reproduction. It so 
happens that this approach was not effective in maximizing the 
transmission distance. Instead, it was found desirable to compromise 
by accepting a measure of speech distortion in order to achieve large 
gains in speech loudness (the distance-conquering factor). The reason 
for this is that a large degree of speech intelligibility is carried by 
a band of frequencies centered at roughly 800-1,000 hertz. By ad- 
justing the resonances in the mechanical systems of the transmitter 
and receiver to about this frequency, it is possible to enhance the 
diaphragm vibration over a narrow frequency band and thus achieve 
high efficiency in a narrow but highly effective speech band. The basis 
for optimizing performance (in the sense used here) was not fully 
understood until much later but by the early 1890s (long before 
objective measuring gear was available) a frequency response charac- 

20 The distances are based on the use of non-loaded and loaded 165-mil copper 
wire respectively. 
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teristic had been worked out empirically which continued to be used 
effectively for some 30 years. Figure 3-28 shows the characteristics of 
the transmitter and receiver used from the mid- 1890s until the 
changing conditions of the late 1920s brought about modifications to 
be discussed later. 21 The Blake transmitter, it will be recalled by 
referring back to Fig. 3-8, had a highly irregular frequency response 
characteristic with multiple resonances which gave considerably less 
satisfactory performance. 22 

While the frequency response characteristics of the instruments had 
been pretty well established by 1895, when the 229-type transmitter 
and 122-type receiver were standard, there was still some possibility 
for increased loudness efficiency and this was accomplished with 
succeeding designs. 

It is difficult to specify the relative efficiency of the instruments used 
during the first 50 years of telephony since during much of this period 
there was no means for making objective measurements and in the 
early days (when some of the changes occurred) there was literally no 
way to make quantitative measurements of any sort. However, various 
people have attempted to estimate performance on the basis of 
contemporary reports, tests on museum samples, and so forth. Figure 
3-29 shows a set of such estimates which is probably reasonably 
accurate. The 229-type transmitter and the 122-type receiver operating 
in a common-battery circuit on zero loop is taken as the reference 
condition (except where noted) since, as discussed in Section 5.1.1. of 
Chapter 4, this condition was so used for many years in transmission 
rating. Over a period of 40 years the total increase in loudness 
efficiency (transmitter plus receiver) was about 50 dB of which 40 dB 
was in the transmitter, indicative of the important part played by the 
microphone principle. 23 

The availability of electronic amplifiers in 1914 did not immediately 
remove the pressure on designers for more efficient instruments and. 


21 The reason for the changes at that time and their nature are discussed in Section 
6.4. 

22 The modem telephone user, conditioned as he is to the very much improved 
quality of present telephony, would find the peaked characteristics used in the early 
twentieth century highly unsatisfactory if not almost unusable. The fact remains that 
many millions of people learned to use this highly characteristic 'Telephone speech." 
Perhaps this is a tribute to the great value of telephony, as compared to other forms 
of communication then available, or maybe it is merely a reflection of the change in 
our standards for material comforts and conveniences. 

23 Figure 3-29 is based largely on a set of estimates made by K. S. Johnson in 1920 
which he derived from information available at that time. Some later measurements 
on museum models have shown much poorer performance for early transmitters than 
indicated in the figure. There is always uncertainty as to the condition of equipment 
of this type 50 to 70 years after its manufacture and it is likely that Johnson's data are 
representative of instruments in good operating condition. 



RESPONSE IN DECIBELS 

RESPONSE IN DECIBELS 0 DB=1 VOLT ACROSS 100-OHM LOAD 
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First 

Introduced 

Type of Transmitter 

Efficiency — 

DB vs Reference 
(No. 229) 

1877 

Magneto type (butterstamp) 

-35 

1878 

Blake — 1-cell local battery 

-13 

1886 

Long distance (Hunnings) — 2-cell local battery 

-4 

1888 

Blake granular carbon 

-6 

1890 

Solid back — No. 3 Button 2-cell local battery 

-2 

1895 

No. 229 common -battery zero loop — reference 

0 

1913 

No. 329 common -battery zero loop 

0 

1917 

No. 323 common -battery zero loop 

+3 

1919 

No. 323 common battery (loops over 150 ohms — 
efficiency relative to No. 229 on same loop) 

+5 


Total increase in efficiency over 1877 

+40 


First 

Introduced 

Type of Receiver 

Efficiency — 

DB vs Reference 
(No. 122) 

1877 

Butterstamp receiver 

-9 

1878 

No. 101 — unipolar hand receiver 

-4 

1890 

No. 108, etc. — early bipolar hand receivers 

-2 

1895 

No. Ill, etc. — improved bipolar receivers 

-1 

1902 

No. 122 — reference — high-production bipolar 
receiver 

0 

1912 

No. 144 — improved high-production bipolar 
receiver 

+2 


Total increase in efficiency over 1877 

+ 11 


Note: The efficiencies are specified relative to the No. 229 transmitter and No. 122 
receiver since these instruments were used for many years as reference 
conditions for specifying station and loop transmitting losses as discussed in 
Section 5.1.1 of Chapter 4. 

Fig. 3-29. Estimated transmitter and receiver efficiencies. 

as shown in Fig. 3-29, transmitter efficiency continued to be increased 
until 1919 when the 337-type transmitter was introduced. The reasons 
are rather obvious. The first amplifiers were used to extend telephone 
service to transcontinental distances, a goal unachievable otherwise. 
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The next step was to use amplifiers to improve the quality and 
reliability of wire transmission by reducing the use of loading on open 
wire and increasing the use of cable circuits. As amplification became 
more reliable and cheaper (particularly with carrier transmission), its 
use became more widespread as a means for reducing the loss of 
telephone lines. With increasing use of inexpensive line amplification, 
it became possible to change the design objectives for transmitters and 
receivers. Up to this time the emphasis had been to maximize 
transmission distance by increasing loudness efficiency by all possible 
means. With loudness controllable by line amplification, the design 
objectives could include improved fidelity and ease of use. Concur- 
rently, studies of speech and hearing were producing quantitative 
information useful in attaining these objectives. More will be said 
about this later but for the moment it is sufficient to note that the 
designers could plan to work along these lines as soon as electronic 
amplification was an accomplished fact, but it was not until the 1930s 
that amplification was used widely enough to permit the general use 
of the higher-fidelity but lower-loudness instruments. 

III. SPEECH CIRCUITS 

The speech circuit in the telephone station provides means for 
connecting the transmitter and receiver to the telephone line and to 
each other. 

3.1 Circuit Configuration 

With magneto converters the telephone instrument (used singly) 
was connected directly to the line wires as shown in (a) of Fig. 3-30. 24 
A series battery, as shown, was required when the converters used an 
electromagnet but could be omitted with permanent magnet devices. 
When separate magneto devices were used for transmitting and 
receiving, they were merely connected in series as shown in (b) of the 
figure. This added convenience, incidentally, reduced the transmis- 
sion distance capability quite seriously since the added converter 
absorbed power and a loss of 3 dB occurred at each end of the line. 

When the carbon microphone was introduced as a transmitter, the 
same series arrangement (with battery) could have been used but 
would have been unsatisfactory for several reasons. First, direct 
current through the receiver, if incorrectly poled, would have reduced 
the receiver efficiency by opposing the flux of the permanent magnet. 25 
Second, the high resistance of the receiver as well as the line would 

24 For convenience. Fig. 3-30 shows metallic circuits throughout but it will be appre- 
ciated that initially a ground return replaced one of the line wires. 

25 Since the receivers were fully magnetized in manufacture, a current that aided 
the magnet produced little effect but a current that opposed the magnet degraded 
the receiver's efficiency. 


(e) 


(f) 



(g) 

Fig. 3-30. Telephone speech circuits: (a) First telephone station using a single instru- 
ment. (b) Telephone station using two identical instruments, (c) Local-battery sidetone 
circuit, (d) Common-battery sidetone circuit, (e) Sidetone-reduction circuit, (f) Common- 
battery anti-sidetone circuit, (g) Local-battery anti-sidetone circuit. (In these diagrams, 
all induction-coil windings are coupled, i.e., wound on a common core. N is a sidetone 
balancing network which, with the associated circuitry, is in essence a Wheatstone bridge. 
Ideally, there is no current in the receiver when the user is transmitting.) 
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have been in the direct-current supply circuit and would have greatly 
reduced the current (and transmitter efficiency) unless high-voltage 
batteries were used. Third, and in many ways more importantly, the 
initial carbon transmitter had a very low resistance, of the order of 4 to 
5 ohms. A low-impedance transmitter, in series with a high- 
impedance receiver working into a matching line, would be very 
inefficient. For optimum transfer of energy the transmitter and 
receiver should be of equal impedance and the two together should 
match line impedance, a matter of hundreds of ohms. This problem 
was solved by the use of a transformer and the circuit is shown in (c) 
of Fig. 3-30. The transformer was initially called a repeating coil since 
it transferred or repeated energy by induction from one coil, the 
primary, to another, the secondary. Later the term "repeating coil" 
was used solely for describing other telephone applications and the 
transformer used in the station set came to be called an induction 
coil. The latter designation will be used here. Both Berliner and 
Edison received patents in 1878 on transmitter circuitry in which 
this device was used. Its functioning is very simple and effective. As 
shown in the figure, the transmitter was connected in series with the 
primary of the coil and a local battery while the secondary was in 
series with the receiver, the combination being connected through the 
line to the distant station. The primary had relatively few turns and a 
low direct-current resistance. Thus a single-cell battery could be used 
to provide rather high direct current to the transmitter (200 to 250 
milliamperes with a 4- to 5-ohm transmitter). The secondary had a 
large number of turns (some five or ten times the number of the 
primary) increasing the ac voltage from the transmitter accordingly 
and stepping up the transmitter impedance by the square of the turns 
ratio. Thus the transmitter impedance could be made effectively as 
large as that of the receiver and an efficient circuit, matching line 
impedance, achieved. 

The common-battery system using eight or more storage cells was 
introduced in 1894. In this system, a single battery of large current- 
capacity was located at the central office and used to supply operating 
current to all the stations served by the office. With this system a new 
station circuit was required which would provide impedance match- 
ing and a direct-current path for the transmitter current and at the 
same time block the direct current from the receiver. The arrangement 
illustrated in (d) of Fig. 3-30 was used. 

In all the station circuits which have been described so far, the 
receiver was driven by its associated transmitter; each customer, while 
talking, hearing his own voice in his receiver. He also could hear any 
background noise or other sounds picked up by the transmitter and 
fed to the associated receiver. This effect, called sidetone, was a 
disadvantage because the customer tended to speak softly when he 
heard his speech at high volume in his own receiver and background 


106 


Engineering and Science in the Bell System 


noise tended to mask incoming speech. Consequently, a large number 
of arrangements were developed to reduce sidetone. The simplest 
scheme was a rearrangement of the wiring of the normal common- 
battery set, as shown in (e) of Fig. 3-30, to give what was known as the 
STR (sidetone reduction) connection. This circuit had been authorized 
in 1903 for optional use when high sidetone was causing problems and 
was standardized about 1916 or 1918 for very short loops of 90 ohms or 
less resistance since the higher-efficiency instruments introduced at 
that time (323-type transmitters, 144-type receivers, and new induc- 
tion coils) led to unpleasantly high sidetone on the short loops. This 
connection reduced sidetone by about 9 dB but was accompanied by a 
reduction in transmitting efficiency of 5 to 6 dB and an increase in 
receiving efficiency of 1 to 2 dB. This circuit was not a true AST 
(anti-sidetone) circuit in its commonly used telephone sense which K. 
S. Johnson has defined as "one in which there is in the ideal case, no 
power dissipated in the receiver when an EMF is generated in the 
transmitter." 26 The circuit most commonly used for common-battery 
subscriber station sets is shown in (f) of Fig. 3-30 and was introduced 
about 1930. The reduction in sidetone obtained varied considerably 
with the length and type of subscriber loop but was generally in the 
range of 10 to 15 dB. There was also an accompanying loss in 
transmitting and receiving efficiency totaling about 2 dB. 

A local-battery version of the AST set was also introduced in the 
early thirties. The circuit is shown in (g) of Fig. 3-30. Local-battery sets 
were used on a variety of loops including non-loaded and loaded cable 
and open-wire extensions on cable. Consequently, the impedances 
faced by the set covered a wide range and the adjustable network (N) 
was included so that it could be selected to give minimum sidetone. 
While the theoretical benefits from such an arrangement were large, it 
proved difficult to administer in practice. 

The AST set was to play an important part in station design during 
the 1920s and has contributed significantly to the big improvement in 
station transmission which has occurred in the last 40 years. It is, 
therefore, worth reviewing briefly the origin of this principle even 
though its application to subscriber stations occurred mostly beyond 
the period covered by this chapter. 

The problems introduced by high sidetone had been appreciated for 
some time and techniques for its reduction dated from the mid- 
nineties, C. E. Scribner in Western Electric's Engineering Department 
being granted three anti-sidetone patents in the 1894- 96 period. Because 


26 When the reader comes to Section 4.2.4 of Chapter 4, he will note that this is 
essentially the definition of a hybrid coil translated into the terms of the subscriber 
station set. 
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operators were subjected to long hours of high-level speech and worked 
under high levels of noise, the anti-sidetone principle was applied to 
their speech circuits as early as 1900 and soon became a standard feature 
of operator telephone sets. However, the circuit in wide use for common- 
battery operator circuits in the early 1900s was too elaborate and ex- 
pensive for economical application to subscriber use. 

The anti-sidetone subscriber circuit using a single induction coil was in- 
vented by G. A. Campbell, Research Engineer at AT&TCo. He showed in 
an article published in 1920 that the number of possible forms of anti-side- 
tone circuits is extremely large, depending on the assumptions made re- 
garding the configuration of the elements, number of transformers (induc- 
tion coils), etc. In fact, he indicated that the possible number was almost a 
half-million with a two- transformer circuit. Only a few of the simpler, 
more economical circuits were patented, nine patents being issued to 
Campbell in 1918. 27 Collectively these patents covered 37 circuits. It 
was deemed unnecessary to patent more of the circuits since it was 
practically impossible to determine which of the large number of 
possible circuits might prove important in the future. Instead it was 
decided to obtain protection by disclosing all possible variants by 
means of the 1920 Campbell paper. This not only made all these 
arrangements freely available to anyone who wished to use them but 
also prevented anyone from obtaining a basic patent on any or all and 
thus avoided endless future litigation. 

Thus the technical situation by 1920 was such that the anti-sidetone 
set could be introduced at any time. This was not done for another ten 
years in part because practical designs were several dB less efficient 
than the No. 46 coil then in use and in part because of extra cost 
arising from the need for an extra winding on the induction coil and 
an extra conductor in the telephone cord. Towards the middle and late 
1920s, tests made on working circuits showed that the circuit loss 
would be more than overcome by the benefits of sidetone reduction, 
i.e., by increased talker volume and reduced room noise transmitted to 
the ear. With this factual data in hand, the way was open to the new 
anti-sidetone designs which were introduced in the form of the No. 
101 induction coil in 1930. 28 This coil was based on a new design 

27 G. A. Campbell; U. S. Patent Nos. 1,254,116-118 and 1,254,471-476; filed 
September 9, 1916 and March 15, May 18, and August 18, 1917; all issued January 
22, 1918. 

28 It may well be surprising to the reader that the anti-sidetone set did not come 
into use for the subscriber until 25 to 30 years after it was used in operator circuits. 
Part of the reason was, as noted, that the circuit arrangements used by operators 
were large and costly and it was some 20 years before simplified ways were disclosed 
by Campbell. Perhaps an even greater reason was the doubt that the benefits to the 
subscriber would be very significant. Unlike the operator, the subscriber could always 
partially remove the receiver from his ear if talking sidetone was unpleasantly high 
and consequently many believed that the talking volume increase from anti-sidetone 
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adapted to more mechanized production and ultimately proved less 
expensive than the earlier two-winding coils. Provisions were also 
made for converting the older, sidetone coils to the AST type when 
they were returned to the shop for overhaul but the process was not 
used extensively. 

3.2 Apparatus Components 

The principal apparatus components of the subscriber circuit were 
the capacitor used to block direct current from the receiver and the 
induction coil for impedance matching of the transmitter. When not 
served on a common-battery basis, a local battery was also an essential 
part of the apparatus on the customer's premises. 

Until about 1916 the capacitor was usually 2 microfarads in size, but 
it was changed to 1 microfarad in the war years as a measure for 
saving material. It was continued at this size after the war since the 
effect of the change on transmission proved minor. These capacitors 
were manufactured with metal foil plates separated by paper. The 
assembly was wrapped into a flattened roll and potted in a molten wax 
compound in japanned "tin" cases (Fig. 3-31). 

The induction coil, until about 1930, was a simple solenoid with an 
open-ended core made initially of a bundle of parallel soft-iron wires. 


would be negligible. Also the lower room noise levels at most customer locations led 
to the belief that the effects of noise reduction would be small. It required quantita- 
tive tests on working telephone circuits (mostly with AT&TCo and Bell Laboratories 
employees) to remove the question of anti-sidetone benefits from the realm of specula- 
tion and demonstrate factually the significant value. 
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Since these coils carried rather large direct currents (up to 0.25 ampere) 
the open magnetic circuit was used deliberately not only because it 
was simple to manufacture but to avoid the magnetic saturation that 
would occur with a closed-core structure. In 1916 a bundle of 
silicon-steel strips began to be used in place of the soft-iron wire 
giving about 0.5-dB transmission improvement with a few cents 
increase in cost. Originally the coils were wound individually on a 
layer of insulating paper or cambric surrounding the core but later 
they were machine wound, several at a time, on a long tube which 
was later cut up into individual coil forms. The core ends were of 
wood and served as terminal and mounting blocks as well as to hold 
the coils in place on the core. A typical coil, the No. 20, is shown in 
Fig. 3-32a. This was a common-battery coil introduced in 1897 and 
continued in manufacture until about 1918 when it was replaced by 
the somewhat cheaper and more efficient No. 46 coil. The predecessor 
of the No. 20 was the more expensive No. 18 that was used in the early 
common-battery installations beginning about 1894. Both the No. 18 
and the No. 46 were structurally similar to the No. 20. 

As we have noted, a new induction coil design was introduced in 
1930 when the AST set was standardized. This coil, coded 101 and 
illustrated in Fig. 3-32b, presents a marked contrast to all the earlier 
types not only in size but also in configuration. The core was made up 
of L-shaped silicon-steel laminations which were assembled into a 
closed structure with small air gaps. The earlier Nos. 20 and 46 coils 
when converted to the AST type were coded 120 and 146 respectively. 
Their appearance, except for an added terminal, was essentially un- 
changed. Production was small because of the low cost of the 101-type. 

The most commonly used local-battery induction coil was the No. 13 
developed in 1893 as a replacement for the more costly No. 6 and, 
except for a change in core material in 1916, continued in manufacture 
without major modification in electrical characteristics through the 
1920s. Some of the many types of induction coils that have been 
manufactured over the years are illustrated in Fig. 3-33. Some of the 
very large coils shown here were those used for the operator 
anti-sidetone circuits and their size indicates clearly why they were 
not introduced in subscriber station sets. Numbers 10, 23, and 24 are 
typical of such induction coils. 

Until 1894, batteries were required on the customer's premises at all 
stations and their use was continued at a number of stations, 
particularly in rural areas, long thereafter. Up to 1900, batteries of the 
"wet" type were most commonly used. These came in several varieties 
with differing characteristics but all had in common the use of a more 
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(b) 


Fig. 3-32. (a) No. 20 induction coil, (b) No. 101-A induction coil. 

or less corrosive liquid electrolyte that no one, if there were a choice, 
would care to have in his home . 29 Various types were used. In the early 
days a favorite was the LeClanche, a zinc-carbon-sal ammoniac cell (with 

29 The modem reader, accustomed to the use of present-day "leakproof" dry cells, 
will read with astonishment the following instructions for setting up a Fuller cell, as 
printed in an 1896 Western Electric catalog: 

"Make a paste by mixing up pulverized bichromate of potash with strong sulphuric 
acid in about equal parts by weight. Put about ten ounces of this paste into the out- 
side jar, pour over it two or three ounces of sulphuric acid and fill up with water. Into 
the porous cell pour a teaspoonful of mercury, put the zinc in place and fill up with 
water. The zinc should be lifted out occasionally and the sulphate washed off. Keep a 
supply of mercury in the porous cell, so as to have the zinc always well amalgamated." 
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manganese dioxide depolarizer 30 ) which was chemically the equivalent 
of the present-day dry cell. The electrolyte was somewhat less 
corrosive than used in some cells but had a tendency to "creep” over 
the edge of the jar and the cell had a lower voltage and polarized more 
readily than other types used for telephony. During the late 1880s and 
early 1890s the Fuller cell was the type most commonly used by the 
Bell Company. It used carbon and zinc electrodes with sulphuric acid 
electrolyte and potassium bichromate as a depolarizer around the 
carbon electrode. The zinc electrode was amalgamated to reduce local 
action and the production of zinc sulphate. The zinc was placed in a 
porous cup filled with water (or a salt solution) which separated this 
portion of the cell from the bichromate solution. The Fuller cell was 
favored because of its high electromotive force (about 2.1 volts), low 
internal resistance, and long life. Under ordinary circumstances- with a 
low-resistance (5-ohm) transmitter, one cell was adequate but as many 
as three were used in some of the so-called "long distance" stations. 

Commercial production of dry cells began in this country around 
1890 and they were listed in Western Electric catalogs as early as 1891. 
By 1896 cells similar in size to the present No. 6 cell were offered for 
sale at a price of 80 cents. The dry cell is essentially a LeClanche type 
with a zinc electrode used as the container, a central carbon electrode, 
and the space between filled with a porous material saturated with a 
sal ammoniac solution. Manganese dioxide is used around the carbon 
as a depolarizer, preventing the formation of hydrogen gas at the elec- 
trode which would increase the internal resistance of the cell. 

While the dry cell is obviously preferable to the wet type for home 
use, it was some years before the wet cells were fully replaced, 
particularly for heavy-duty service. The early dry cells were not 
completely free from corrosion problems since the zinc container 
would develop holes through which the sal ammoniac exuded. The 
life was short and varied greatly among the various brands manufac- 
tured. Some of the poorer brands were unreliable and gave the dry cell 
a bad reputation among telephone technicians. In 1901, typical cells 
lost about 35 percent of their capacity after six months of shelf life and 
new cells had a useful life of only about five to six months under light, 
intermittent service. Kempster Miller, in a book published in 1905, 31 
pointed out that dry cells were at last being widely used but some cells 
still had a life of only a half a year even though better brands were 
becoming available with a life approximating two years. It is obvious 

30 In use, hydrogen formed around the positively poled element in all primary cells 
and quickly reduced the cell's capability. This reduction, known as polarization, was 
due both to chemical action and effective reduction in the working surface of the 
plate. It was compensated for by the use of a chemical oxidizing agent known as a 
depolarizer. 

31 American Telephone Practice, 4th ed., published by McGraw-Hill Book Co. 
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that even after the advent of the dry cell, the incentive to eliminate 
local-battery service was very great. 

IV. SIGNALING ARRANGEMENTS 

The electroacoustic converters, together with the speech circuit, 
supplied the means for conversing between two people but additional 
signaling equipment was necessary to initiate a conversation. 

Before 1878, there was no central-office switching and telephony was 
confined to private lines with a telephone at each end. The signaling 
problem was simple, requiring only some means to alert the called 
subscriber to the fact that a conversation was desired. Originally the 
caller simply shouted into the mouthpiece using words with long, 
loud vowel sounds such as "ahoy" and "hello." This was not very 
satisfactory and various mechanical arrangments were developed, 
which we shall describe. Ultimately, schemes using special bells, or 
"ringers," were devised and the alerting process came to be known as 
"ringing the customer." 

The need for establishing communication between any two of a 
large number of users was inherent in Bell's "Grand System" and means 
for "switching" the line from a caller's station to that of the desired 
called station were developed at an early date. Switching systems 
development is covered in Chapter 6 and for the present it will be 
sufficient to point out that basically each telephone station was 
connected by a transmission line or "loop" to a central office at which 
point it was "switched" to the called station either directly, if the two 
stations were served by the same central office, or via "trunk" lines to 
the serving central office. The connections at the central office were 
originally made manually by operators but later mechanized equip- 
ment was used for some forms of switching. 

When switching was introduced, the ringing process became the 
responsibility of the operator (or the machine switching equipment) 
but the same ringing mechanism was used at the customer's premises 
since he still needed a ringer to announce an incoming call and a 
calling mechanism to indicate the need for an operator. Initially, the 
mechanism developed for ringing a customer was used to alert the 
operator but with the introduction of common-battery offices it 
became possible to call the operator merely by lifting the customer's 
receiver from its standby position. 

With manual switching, information on the desired called customer 
was passed verbally to the operator who established the necessary 
connection through the switching system. 32 With the introduction of 
automatic switching in the 1890s it became necessary to add another 

32 In long connections the call often passed through a number of offices in tandem, 
each receiving verbal information from the initiating customer or preceding operator. 
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signaling arrangement to the telephone station, namely, means for direct- 
ing and controlling the switching mechanism, as discussed further in 
Sections 4.2 and 4.3. 

Thus, by the middle nineties the station set could include arrange- 
ments for performing three signaling functions: ( i ) ringing the called 
customer, (ii) alerting the operator (or the automatic switching 
mechanism), and (Hi) controlling the switching mechanism (if it was 
automatic). These various arrangements will be described shortly but 
before doing so we shall mention a very simple invention that was to 
play an important part in the evolution of many signaling arrange- 
ments. This was the device known as the switchhook, invented by H. 
L. Roosevelt, 33 a prominent organ builder who was also a founder of 
the first telephone company in New York City. With certain ringing 
systems and, more importantly, with the introduction of the local- 
battery carbon transmitter, the station circuitry was different during 
the talking and the standby condition. For example, during standby, 
the transmitter battery was not needed and the circuit was opened to 
avoid unnecessary battery drain. Similarly, it was sometimes desirable 
to remove the ringer from the line during talking and reconnect it on 
standby. These functions were originally carried out by switches 
manually operated by the customer. Naturally, the operation was all 
too often overlooked leaving the set in the wrong state with 
unfortunate consequences. Roosevelt solved the problem by providing 
a hook for holding the receiver when not in use. The weight of the 
receiver operated the switch to the standby condition and a restoring 
spring transferred the switch to the talking condition when the 
receiver was lifted for use. An early station set with this feature is 
shown in Fig. 3-34. This obvious, but fundamental, idea of an 
automatic switch to transfer between the talking and standby condi- 
tions was ultimately used for a number of signaling functions such as 
control of talking battery, alerting the operator, tripping ringing, 
terminating the call, etc. 34 

4.1 Calling the User 

Since oral calling was unsatisfactory with the very inefficient 
instruments available, various mechanical arrangements were soon 
tried. One expedient was to tap the diaphragm of the transmitter. This 

33 H. L. Roosevelt; U. S. Patent No. 215,837; filed October 3, 1877; issued May 27, 
1879. 

34 Edwin T. Holmes, in his autobiography, A Wonderful Fifty Years, published in 1917, 
states that he invented the switchhook in 1877 to eliminate the bridging loss of the 
many telephone instruments he was installing on party lines. He shows a picture of a 
telephone station using such a device on page 72 of his book. He did not apply for a 
patent. 
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was not too effective as a calling signal and obviously could damage 
the instrument. To avoid this problem, Watson, in June of 1877, came 
up with the first built-in mechanical arrangement for his box-type 
telephone. It consisted of a small hammer mounted in the box so as to 
strike the edge of the diaphragm when operated by a knob outside the 
box. This arrangement, illustrated in Fig. 3-35 and called a "thumper,” 
was purely a stop-gap measure, the tapping sound produced being 
weak and not distinctive. 

This was followed by electric "tap bells" (Fig. 3-36), electric 
vibrating bells, and, in some cases, telegraph sounders. All of these 
were operated by power from batteries having limited voltage and 
power capacity which restricted the practical length of the serving 
lines. Also, these devices, particularly the interrupters on the vibrating 
bells, required frequent servicing. So the search continued for a better 
way to attract the attention of the person being called. 

The next calling device to be put into service was a mechanism 
called a "buzzer" developed by Watson. 35 This was an induction coil 
with a vibrating-reed interrupter in the circuit of the primary winding 
(Fig. 3-37). When this reed was plucked manually, it was set in 
vibration, opening and closing the direct-current supply to the 
primary circuit and inducing a relatively high alternating voltage in 
the secondary which, when applied to the line, caused a loud, harsh, 
grating sound to be emitted by the receiver of the called station. This 
was a distinctive and effective signal, a number being installed in 
central offices for use by operators in calling subscribers, but it did not 
meet with public acceptance. 36 

The long-range solution to the ringer problem came with the 
invention of the polarized call bell, pictured in Fig. 3-38. 37 Its 
operation depended on the use of two magnetic forces: a steady force 
derived from a permanent magnet (the horseshoe-shaped element B 
in the figure) and an alternating force derived from the application of 
an alternating current to two series-aiding electromagnets, H. An 
annealed-iron armature, C, pivoted at the center, formed one pole of 
the permanent magnet and was located opposite the cores of the 
electromagnets which formed the opposite poles. When the armature 
moved on its pivot, a hammer, G, attached to it struck suitably placed 
gongs. In his patent application, Watson stated, "The object of my 
invention is to secure greater simplicity of construction and more 

35 T. A. Watson; U. S. Patent No. 199,007; filed December 5, 1877; issued January 
8, 1878. 

6 The manager of the New Haven, Connecticut, office where this buzzer was 
first installed was George W. Coy, and the signal was promptly given the descriptive 
name of "Coy's chicken." 

37 T. A. Watson; U. S. Patent No. 210,886; filed August 1, 1878; issued December 
17, 1878. 
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Fig. 3 -38. Front and end views of Watson's polarized call bell or "ringer." 


powerful operation.” He obtained this "powerful operation" as 
follows: "When a current passes in one direction through the coils of 
the electromagnet, the armature is attracted at one end and repelled at 
the other. When a current passes in the opposite direction, this action 
is reversed." Watson's object in this device was so well achieved that 
the basic principle, a pivoted armature following an alternating 
magnetic field superimposed on a steady magnetic field is still in use; 
Fig. 3 -39 shows the design that was standard in 1936. In the 1970s the 
same principles are being used but improved magnetic materials and 
better knowledge of acoustic theory have made possible both smaller 
devices and more pleasing and effective ringing sounds. 38 



Fig. 3-39. Polarized ringer used in the 1930s. 

38 The balanced armature principle was fundamental to other communication de- 
vices, being used later in such diverse applications as coin collectors and loudspeakers. 
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To provide the necessary alternating field, Watson, after consulting 
Davis' Manual of Magnetism , published in 1847, constructed a small 
alternating-current generator (usually called a "magneto") which was 
mounted in the customer's telephone and operated with a hand 
crank. 39 Watson's magneto (Fig. 3-40) consisted of a substantial 
U-shaped permanent magnet and a bar armature, with a coil of wire at 
each end. The center of the armature was attached to a shaft driven 
by the crank through a pair of friction wheels. As the armature was 
rotated in the field of the permanent magnet, an alternating voltage 
was induced in the coils, the frequency being determined by the speed 
of rotation and the voltage by the speed, strength of the magnet, and 
the number of turns of wire in the coils. 

This generator and ringer system was so successful that several 
manufacturers were licensed to manufacture the components. At a 
meeting of the National Telephone Exchange Association in 1881, it 
was stated that the magneto system was rapidly superseding all other 
forms of signaling. It was at about this time that Siemens developed 
the so-called "H-shaped" armature. A Bell System magneto employing 
this type of armature, a gear drive, and an automatic switch to connect 
the generator to the circuit only when cranked is shown in Fig. 3-41. A 
more powerful machine using five bar-magnets was also developed for 



Fig. 3-40. Hand-operated alternating-current generator or "magneto," designed 
by Watson. Fig. 3-41. Later type of magneto with automatic cutout (at left). 


39 T. A. Watson; U. S. Patent No. 202,495; filed October 11, 1877; issued April 16, 1878. 
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use on very long circuits. This type of device was adopted by the Bell 
System in 1881 and used in local-battery subscriber stations, with 
minor modifications, for over 50 years. 

As switching was introduced, a ringing generator at the central 
office became necessary. The hand-cranked machine required consid- 
erable operator effort and other arrangements, described in Section VII 
of Chapter 6, were soon substituted. 

When the polarized ringing system was introduced, both the ringer 
and the generator were wired in series with the line, and were of 
relatively low resistance, about 80 ohms. It was soon found that the 
resulting loss in transmission was intolerable and means to reduce the 
loss were introduced. One of these was a short circuit applied across 
the coil of the generator while at rest; a mechanical linkage removed 
the short circuit when the crank was turned. This solved the problem 
related to the generator but not that of the call bell. 

The ringer difficulty was resolved in 1890 by John J. Carty, at that 
time with the Metropolitan (New York) Telephone and Telegraph 
Company. He developed a high-impedance, 1,000-ohm ringer and 
connected it across the line, bridging the speech circuit. 40 The 
impedance of this ringer was very high at voice frequencies and thus 
resulted in little or no transmission loss. The associated generator was 
arranged to be bridged on the line during its operation, but to be 
disconnected, by a mechanical linkage, when at rest. The higher 
impedance of the ringer required a relatively high voltage, 75 volts or 
more, and such high-voltage ringing has been used ever since. 

When common-battery switchhook signaling was introduced in 
1897, the hand-cranked generator became obsolescent for both 
central-office and customer use, but its influence continued since it, 
and its associated ringer, were instrumental in establishing the 
frequency and voltage of ringing current that is still standard in the 
Bell System. The speed of the hand-cranked generator was such as to 
produce an average rate of about 17 hertz in normal usage, and the 
natural period of the ringer armature and clapper had been adjusted to 
correspond to this speed. When central-office ringing machines came 
into use, they were matched to the ringers already in service and were 
designed to a standard frequency of 16 2 /3 hertz supplied at 75 to 110 
volts. With two-pole generators this corresponded to 1,000 revolutions 
per minute, a speed readily obtained with direct-current motors. 
When 60-hertz alternating current became the standard of the power 
industry, alternating-current motors were adopted for driving the 
ringing machines but belt drives were required since a speed of 1,000 
rpm could not be obtained directly with existing motors designed for 

40 J. J. Carty; U. S. Patent No. 449,106; filed August 16, 1890; issued March 31, 1891. 
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60-hertz power. In order to convert to 60-hertz direct-drive generators, 
the ringing frequency was changed to 20 hertz in 1917, a change which 
did not greatly affect the capabilities of existing ringers. 

Because of the high cost of long subscriber lines, it was often 
desirable to connect a number of users to the same line. On these 
"party lines," ringing current applied to the line by customers or 
operators rang all of the bells on that line. Customers identified their 
individual signals by a code of long and short rings. The provision of 
selective signaling to avoid this situation occupied the talents of many 
inventors for a number of years. In the period from 1879 to 1891, a 
total of 161 United States patents on selective ringing were issued. 
These included devices and systems based on ringing currents of 
different strengths, currents of different polarities, currents of different 
frequencies, electromagnetic and clockwork stepping arrangements for 
closing local circuits to the ringer, and multiple circuits requiring 
concurrently acting relays at each station. 

The two major selective ringing schemes which ultimately became 
standard in the industry may be classified as harmonic and polarity 
arrangements. In the former, different frequencies of ringing current are 
made available at the central office for ringing selections and tuned 
ringers responding to these frequencies are used in the subscriber 
stations. Such a system was patented by J. B. Currier 41 and first used 
commercially by the New England Telephone and Telegraph Company 
in 1882. The technology available for implementing this scheme was not 
adequate and performance was originally unsatisfactory. Later the tech- 
nique was used in England and, after improvements made in 1895 by 
J. A. Lighthipe of Pacific Coast Bell, the system began to be employed 
by non-Bell companies and ultimately was used widely by them. 

The harmonic system, even though it originated in the Bell System, 
was never widely used by Bell companies, probably because other 
arrangements were available that were more practical at the time. One of 
these was a biased ringer scheme invented by G. S. Anders of the Na- 
tional Bell Telephone Company. 42 The basic idea was to employ two 
polarities of pulsating current together with a Watson-type polarized 
ringer with an added spring which "biased" the armature to one side or 
the other, as desired. Thus, when the armature rested against one pole 
piece, a current poled so as to move it in that direction produced no 
effect but an oppositely poled current was fully effective. By combining 

41 Three patents were granted to him in 1881 (240,010; 246,374; and 251,097) covering both 
ringers and ringing generators. He relied heavily on pendulum or modified pendulum 
arrangements for controlling the generated frequencies. 

42 G. S. Anders; U. S. Patent No. 218,153; filed July 7, 1879; issued August 5, 1879. 
F. A. Pinkemell; U. S. Patent No. 511,276; filed August 7, 1893; issued December 
19, 1893. A. S. Hibbard; U. S. Patent No. 555,725; filed September 16, 1895; issued 
March 3, 1896. 
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polarization and bias, two selections of ringing were available on one 
line. This was one basic element of the Bell System selective ringing 
arrangement which ultimately developed. The other was a scheme in- 
vented by F. A. Pinkernell of the American Telephone and Telegraph 
Company. 42 In this system, one station ringer was connected to ground 
from each wire of the metallic circuit; the ringing current was selectively 
applied to either side of the line and ground at the central office. This 
also provided two ringing selections. 

In 1896, A. S. Hibbard of the Chicago Telephone Company combined 
Anders' polarity system and PinkernelTs divided ringing system to pro- 
vide the first commercial four-party selective ringing system. 42 As shown 
in Fig. 3-42, he installed two oppositely biased polarized bells from each 
side of the metallic circuit to ground. Ringing current from the central 
office consisted of pulsating current, made up of either positive or 
negative half-waves of alternating current, applied selectively to either 
side of the metallic circuit and ground. Thus, four unique ringing signals 
were made available and full four-party selective ringing was achieved. 43 
This principle formed the basis for nearly all selective ringing arrange- 
ments used in the Bell System up to the present. 

Over the years the four-party scheme was improved in various ways, 
most of which are beyond the scope of this chapter. One exception is a 


43 


Coded signals were used in addition when the number of parties exceeded four. 



Fig. 3-42. A. S. Hibbard's circuit for full selective ringing on four-party lines. 
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patent by G. K. Thompson and E. C. Robes 44 which outlined a scheme 
whereby the ringers, with their ground connections, were normally 
detached from the line, but were brought into the circuit during the 
application of ringing current from the central office by means of alter- 
nating-current relays in series with capacitors bridged across this line. 
(Much later, electronic devices were used to replace the relays.) One of 
the several improvements from this arrangement was a reduction in the 
induced line noise which resulted from the line unbalance caused by 
grounded ringers. 

4.2 Calling the Operator 

As we have noted, the introduction of switching made it necessary to 
provide a means for the calling customer to alert the operator. To a con- 
siderable extent this replaced the need for the calling customer to ring the 
called user directly, but with party lines it was convenient to ring directly 
anyone on the caller's line and this practice was continued for some time. 
With this background, it is easy to see why it was convenient to use the 
same magneto generator for calling the operator that had previously been 
developed for subscriber ringing. At the central office it was impractical 
to use audible ringing and an “annunciator drop” associated with each 
line was used to alert the operator instead. In its simplest form this was a 
leaf hinged at the bottom and held in a vertical position by a latch which 
could be released by a magnet operated by ringing current. Upon release, 
the leaf fell under the influence of gravity indicating not only a waiting 
call but also indicating the particular line requiring the operator's atten- 
tion. After establishing the desired connection, the operator would 
manually restore the drop to the latched condition and on completing die 
call the user would “ring-off" by turning his magneto generator, thus 
notifying the operator that the lines could be disconnected . 45 

This or very similar arrangements continued in use as long as local- 
battery offices were employed. When common-battery offices were intro- 
duced in the mid-nineties, the battery supply at the office provided 
enough power for signaling, and calling the operator was done auto- 
matically when the telephone receiver was lifted from its hook. The 
switchhook closed the dc path through the station circuit and the flow of 
current actuated relays at the central office which controlled actuated 
relays at the central office which controlled small lamps indicating the 
need for operator assistance and the status of the call. At this time all 
ringing, including party -line ringing, was done by the operator and the 

44 G. K. Thompson and E. C. Robes; U. S. Patent No. 644,647; filed July 18, 1899; 
issued March 6, 1900. 

45 Annunciators, relays, and related signaling apparatus are discussed further 
and illustrated in Section 3.4 of Chapter 6. 
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magneto generator was no longer needed, thus greatly reducing sub- 
scriber station size by removing its bulkiest elements, the batteries and 
the magneto. 46 

4.3 Controlling Machine Systems 

The evolution of mechanical, or “machine,” switching is covered in 
Section IV of Chapter 6 and will not be discussed further here except to 
point out that its introduction in the mid-nineties added an extra func- 
tion to the station set. Not only was it necessary to indicate the desire to 
make a call (and its termination) as required with manual switching, 
but means had to be provided for conveying the information on the 
desired connection which previously had been transmitted orally to the 
operator. Several schemes were devised for doing this but the most 
practical one was to use a series of dc pulses to indicate the successive 
digits. Early mechanisms used pushbuttons, one for each digit, which 
the user operated as many times in succession as necessary to indicate 
the desired digit (e.g., three pulses for the digit 3). 47 By 1896 the push- 
button controls were replaced by the fingerwheel shown in Fig. 3-43. 48 
In dialing a number with this device, the fingerhold corresponding to 
the desired number was engaged and the rotary member was pulled 
down to the stop, S 2 , and released. The pulling action wound up a spring 
whose tension caused the dial to return to its normal position. The return 
rotation was limited to a moderate speed by an escapement mechanism 
and, during the return, the required number of circuit interruptions 
took place to control the central- office switches. Shortly thereafter a 
nearly full-circle dial using finger-holes was developed (Fig. 3-44). This 
dial had a larger travel and produced longer pulse intervals which 
resulted in better control of the central-office switches. This remained 
the sole way to control machine switching until Touch-Tone® dialing 
was introduced commercially in 1963. 49 

Originally, machine switching was used in small cities where four- or 

46 Although complete common-battery offices were not introduced until the mid- 
nineties, a common-battery signaling system using annunciator drops at the office and 
a switchhook closure to initiate the signal was used by J. J. Carty as early as 1880 in 
connection with a special service for an express wagon company. 

47 This system, invented by Almon B. Strowger, was put into operation in La Porte, 
Indiana, in 1892 and was known as the step-by-step system. Strowger formed the 
Strowger Automatic Telephone Exchange in 1891 and A. E. Keith and the Erickson 
brothers, John and Charles, were among the first employees of the company. 

48 A. E. Keith and J. and C. J. Erickson; U. S. Patent No. 597,062; filed August 20, 
1896; issued January 11, 1898. 

49 An interesting change was made in the rotary dial by C. F. Mattke in 1963 (Patent 
No. 3,108,159 filed May 9, 1960) when he invented the “Space-Saver Dial" with 
movable stop. In this device the stop was placed directly below the finger hole for 
the numeral 1 but moved a sufficient distance, when the finger was pushed against 
the stop, to send a pulse when released. This eliminated the blank space between the 
1 and the 0 finger holes and reduced the dial diameter accordingly. 
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five-digit numbers were sufficient for the entire area and all-number 
dialing was employed (Fig. 3-44a). In large cities with many central 
offices the custom had developed of using a name to designate the office 
and a four-digit number to designate the line within the office. When 
machine switching had developed to the point where it could be applied 
in large cities, it was decided to continue the name-number system and, 
in 1917, W. G. Blauvelt of AT&TCo developed a system using the first 
three letters of the name together with four digits. The dial shown in 
Fig. 3-44b was devised to implement the system. 50 

The requirements on speed and duration of pulsing are quite rigorous 
and over the years many mechanical improvements in dials have been 
introduced to minimize the maintenance effort required to meet these 
requirements, reduce dialing noise, reduce dialing error, improve finger 
comfort, and so forth. 

V. PROTECTION 

The station apparatus presented the first need for measures to protect 
the user from electric shock and the delicate telephone apparatus from 
possibly damaging electric surges. At first, protection was accomplished 
by means of spark gaps incorporated in the station apparatus, but 
before long, fuses and other protective measures were incorporated 
and these devices were installed at the point where the telephone 
circuit entered the user's premises. The full story of protective devices 
is related in section 5.3.3 of Chapter 4. 

50 This system left many of the seven-digit number combinations unusable for 
phonetic and other reasons. Later the original system was changed to two letters 
plus five digits and currently an all-number system is being used in most places. 




Fig. 3-44. Later types of rotary dials: (a) number-only dial; (b) number-and-letter dial. 
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Initially, some of the metallic parts of the telephone instruments con- 
nected to the line wires were accessible to the user. Beginning about 
1906, special instruments were built in which these parts were either 
enclosed in an insulating housing or insulated from the accessible 
metallic parts of the station set. After about 1913 all standard designs 
were of the insulated type. 

VI. CUSTOMER TELEPHONES 

The circuit elements we have just discussed make up the equipment 
commonly found on the customer's premises. These elements have been 
assembled in many different ways to provide customer telephones but 
most of these fall into three basic categories. First, historically, was 
the wall telephone, a box fastened to the wall with the transmitter 
and receiver mounted on the outside, the inside containing most of the 
other elements. This was a "combined” type of station set in which 
essentially all station apparatus was contained in one package. 51 It was 
succeeded (but not fully supplanted) by the deskstand telephone which 
consisted of a small base (on which the dial was mounted) with a pedestal 
supporting the transmitter and a pair of prongs or other arrangement to 
hold the receiver and operate the switchhook. In order to keep this 
device small enough for practical desk use, the speech circuit and ringer 
were contained in a separate box (called a subscriber set) mounted on a 
nearby wall or some inconspicuous part of a desk. When the third basic 
type, the handset, was introduced, the practice of using two-part 
customer equipment was continued, the handset support or cradle con- 
taining only the dial and switchhook with the other elements mounted 
in a separate subscriber set. This was done partly because the ringer and 
speech circuit continued large in size and partly to facilitate the substitu- 
tion of a handset for a deskstand without other costly changes. By 1937, 
improvements in materials and design techniques made it possible to in- 
clude all the elements in a package small enough to use on a table or desk 
and the "combined set" again became practical and has continued in use 
ever since. 

The first high-production handsets were introduced by the Bell System 
in 1927, just after the nominal period covered by this volume. However, 
the development is covered in considerable detail in Section 6.4 since 
most of the studies and development effort leading to the 1927 model 
were carried out in the preceding 5 to 10 years. In addition, the handset 

51 After a few years the protective devices were removed to the point where the line 
entered the premises and this practice has continued. As a result these devices are 
usually considered more a part of the outside plant than as station apparatus. 
Batteries were often mounted separately when they were of the "wet" variety but as 
dry cells came into use, in the nineties, provision was made for including them in 
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development illustrates an important change in design technique which 
began roughly 40 years after the telephone invention and has continued 
to influence station development ever since. 

6.1 Wall Sets 

While many of the early wall sets were manufactured only in small 
numbers, they are of considerable historical interest in illustrating the 
ingenuity of early technicians and the speed with which basic principles 
developed. The early telephone using a single hand-held butterstamp 
instrument for both transmitting and receiving was inconvenient and 
occasionally confusing, because it forced the customer to keep changing 
the receiver back and forth between his mouth and ear. To eliminate 

this situation, early in 1878 a wall set was introduced with two hand-held 
instruments, one for transmitting and one for listening. Such a 
telephone, shown in Figs. 3-45 and 3-46, was manufactured in the shop 
of Charles Williams, Jr., in Boston and was sometimes referred to as 
“Williams' Coffin" because of the shape and construction of the wall box. 


Fig. 3-45. An early wall-mounted subscriber set, introduced in 1878, made by Charles 
Williams, Jr. Fig. 3-46. Interior view of Williams Magneto Set, showing hand-cranked 
generator and coils for the call bells (1878). 
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This set used the Watson polarized ringing system with the call bells 
and magneto crank on the outside of the box and the mechanism inside. 
Just above the call bells is the sawtooth spark gap or “lightning arrester" 
used for electrical protection . The switch below the magneto was used to 
transfer between the talking and calling condition. It was the incon- 
venience of this operation that led to Roosevelt's invention of the switch- 
hook, illustrated previously in Fig. 3-34. The latter figure shows a wall- 

mounted transmitter, probably an early Blake type, in place of the second 
butterstamp telephone. Thus, from about 1879-80 the basic elements of 
the wall telephone were available and the many designs which followed 
differed from each other largely in physical arrangement. Some of the 
many varieties developed are shown in Figs. 3-47 and 3-48. 52 

Referring to the first figure, the 1877 box telephone was used only for 
private lines, the 1878 set shown as item (b) being the earliest form used 
with a commercial central office. This set, used in New Haven, Connecti- 
cut, employed a pushbutton to signal the operator by opening battery 
current from the central office. This released a numbered electromag- 
netic annunciator at the switchboard. Item (c), already discussed, incor- 
porated magneto ringing but still used an electromagnetic transmitter. 

The 1879 set shows the first use of the Blake transmitter with a local 
battery (of the wet-cell type) and also incorporates the switchhook and 
magneto ringing. The 1882 set was the first type manufactured by the 
Western Electric Company. The 1887 set used the long-distance trans- 
mitter illustrated previously in Fig. 3-10. The 1891 models were equipped 
with early types of the solid-back transmitter. The “cabinet" type 
set, item (h), was developed for use at prestigious public locations where 
considerable long-distance telephoning was to be expected. It con- 
tained space for three wet-cell batteries (in place of the single battery 
commonly used) in order to provide high transmitter output. This 
“desk type" set was in use as early as 1887 but at that time it was equipped 
with the Hunnings type of “long-distance transmitter." Items (i), (j), 
and (k) show early common-battery sets, local battery being used in all 
prior wall telephones. 

By 1900 two distinct styles had developed, as shown more fully on 
Fig. 3-48. The local-battery, magneto sets [items (b), (d), (e), (f ), and (k)] 
continued the use of wooden and usually large cases 53 whereas the com- 
mon-battery sets were more compact and, after 1912, used metal cases. 

52 Some of the sets in Fig. 3-47 [e.g., items (a) and (h) ] are not strictly wall sets but 
are included here since they were intended to be used in a fixed position with con- 
straints on the user similar to wall sets. 

53 The wooden case was probably continued because these sets were manufactured 
in small quantity and did not justify the use of the expensive dies required to form 
large metal cases. They were large since they had to contain not only the common- 
battery apparatus but also the magneto and the batteries. The small magneto set 
of 1905 [item (d) ] used a separate battery box. 
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Until 1916 the ringer gongs were external on all sets but after this date the 
common-battery sets were built with the whole ringer mechanism pro- 
tected by the case, slots being provided to emit the ringer sound. The 
1920 and 1931 models show how dials for operating machine switching 
systems were included; the former set illustrates the use of a dial with 
numerals only, the latter has a dial with both numbers and letters. 

As noted later, when common-battery operation made the deskstand 
practical, the use of wall sets fell off. However, they never completely 
went out of favor, even in common-battery offices, and when the handset 
was introduced, they slowly began to stage a comeback. However, this 
is a story for a future volume. For local-battery use, the wall set continued 
to be the favored type of instrument since it provided all components 
in a single package. 54 The 1317-type set, shown as item (e) in Fig. 3-48, 
first standardized around 1907, continued in manufacture until about 
1940. It was updated from time to time, a 1916 version being shown in 
item (f). This particular set was the first using two dry cells, instead of 
three, and improved instruments including the 144-type receiver and an 
insulated transmitter. In 1938 the transmitters and receivers were 
changed to make them comparable to current handset instruments and 
the AST induction coil was made available. This set, recoded the No. 
1417, is shown as item (k). Some years later wall sets equipped with 
handsets were made available for local-battery service. 

Some of our readers may be interested in Fig. 3-49 taken from a 1916 
Western Electric catalog. It shows the construction of the No. 1317C 
telephone in detail and the notes at the side point out the design features 
which were considered important at the time. 

6.2 Desk Telephones 

The evolution of the desk telephone, or “deskstand” as it was often 
called, is illustrated by Fig. 3-50. This telephone was the result of the 
natural desire for greater convenience than possible with a telephone 
firmly fixed in place. The latter was not only inconvenient for the 
businessman who wanted access to his desk material while telephoning 
but also difficult to use effectively by people of various heights even 
though an adjustable transmitter support was often provided. 

The earliest desk telephone [item (a) of Fig. 3-50], built in 1879, seems 
to have been merely a support for a Blake transmitter and a similar 
device for the long-distance transmitter was built in 1886. These primi- 
tive arrangements continued in use until the early nineties when a basic 

54 Common-battery operation was unsatisfactory both from the signaling and trans- 
mission standpoints on very high-resistance loops without complex and expensive 
supplemental circuitry. For this reason, local-battery, magneto sets continued in use on 
long "farmer's lines" even in nominally common-battery areas. 
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format began to evolve which became familiar to several generations 
of telephone users. One of the first features of this set, an angular adjust- 
ment for the transmitter, was introduced in 1891 and became uni- 
versally used with the introduction of the solid-back transmitter as 
shown in item (e) and subsequent parts of the figure. The early desk- 
stands used rather ornate curved supporting pillars with external 
switchhooks, but in 1892 a simple tubular support was introduced and 
the following year the switchhook contacts were enclosed [item (g) ] . 
These two features were not universally adopted until 1900, the more 
ornate designs being slow to die. By 1900 [item (o) ] the long-term format 
had been pretty well established and included the angular transmitter 
adjustment, tubular support with enclosed switchhook contacts, felt- 
covered bottom (introduced in 1894), and pronged switchhook with 
ends formed in a ring. This last feature was introduced in 1897 to avoid 
the possibility of damaging the receiver diaphragm by inadvertently 
striking it against the switchhook ends during the hang-up process. 
This design continued in use throughout the life of the deskstand. 
Another long-lived feature was incorporated in the 1900 design, namely, 
the use of an assembly within the tubular support, removable as a unit, 
which incorporated both the switchhook mechanism and the binding 
posts for connecting external and internal wiring. The ultimate design 
is illustrated in Fig. 3-51, and this highly functional arrangement con- 
tinued in use for the next 40 to 50 years. 55 During this period the 
change in appearance was small but many changes in material and 
manufacturing processes were introduced to reduce cost and to improve 
reliability. The most important of the latter was insulation from line 
wires introduced in 1912-13 for all types manufactured. 

In a few of the early models some of the speech circuit components 
were placed in the base of the deskstand but with one exception this 
practice had been discontinued by 1900. The exception is the 1904 model, 
shown as item (q) of Fig. 3-50, which was a portable set (probably one 
of the first of its kind) designed particularly for restaurant use. The more 
common arrangement was to provide the speech circuit and ringers in 
a separate box for wall or underdesk mounting. These boxes were 
called subscriber sets, one of which is shown with cover removed in 
Fig. 3-52. Subscriber sets are also included in several parts of Fig. 3-50 
[specifically items (p), (r), and (t)]. Their omission from other parts of this 
figure does not imply their lack of use since they were required with 
all but a very few models. When machine switching was introduced, 
a dial was added on the base as shown in item (u) of Fig. 3-50. 

While the need for deskstands arose at an early date, they could not 


55 Manufacture of deskstands was discontinued in 1940, but they remained in use 
for many years thereafter. 
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Fig. 3-49. No. 1317C magneto telephone. 
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Fig. 3-50. Evolution of desk telephones, 1879-1923. 
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realize their potential convenience until common-battery central offices 
were introduced, eliminating the need for the hand generator. Prior to 
this time it was necessary to either use a small generator of limited 
usefulness in the base [as shown in item (e) of Fig. 3-50] or include a 
standard generator in a separate subscriber set, which nullified much 
of the convenience associated with the deskstand. With common-battery 
offices the deskstand rapidly became the popular form of telephone and 
wall telephones became less commonly used except on “farmer's lines." 

6.3 Hand Telephones — Early Experience 

While the deskstand represented a highly functionalized design, it 
was obvious that the convenience of a telephone could be enhanced by 
mounting the transmitter and receiver on a handle to provide- a one- 
piece instrument. The basic idea is nearly as old as the telephone. Bell's 
demonstration lecture before the Society of Telegraph Engineers in 
London in October 1877 impressed two Englishmen, Charles E. McEvoy 
and G. E. Pritchett, with the inconvenience of using one instrument 
alternately for talking and listening. They promptly and independently 


Fig. 3-51. Cross section of deskstand showing internal arrangements. 



Fig. 3-52. Subscriber set. 
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obtained British patents on arrangements of instruments and speaking 
tubes that could be held with one hand or supported on the user's head 
or shoulder. These arrangements, in which the instruments are not 
specified, are illustrated by sketches appearing in the patents (Fig. 3-53). 
They were not developed for commercial use. 

In the next year, 1878, R. G. Brown, the head operator of the Gold and 
Stock Exchange in New York, designed the handset illustrated in 
Fig. 3-54. 56 This handset comprised an Edison transmitter of the single- 


56 R. G. Brown; U. S. Patent No. 224,138; filed September 29, 1879; issued February 
3, 1880. 



Fig, 3-53. Early handset designs: (a) by C. E. McEvoy; (b) by G. E. Pritchett. 
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contact type and a small single-pole receiver. The handle was a relatively 
heavy steel bar which served as the permanent magnet for the receiver. 
Handsets based on this design were used by the Gold and Stock Ex- 
change operators. Brown later went to France where he accepted the 
post of Electrical Engineer of La Societe Generale in Paris. Handsets 
based on his design were widely used in Europe, especially in France, 
and became known as French phones. They were not used in the Bell 
System because of their low efficiency and unstable performance relative 
to the wall and deskstand telephones available in the United States. 

In the 1890-1902 period, three handset designs were produced in 
limited quantities by the Bell System. One of these was constructed to 
military specifications for use by the United States Army and Navy 
(Fig. 3-55). The second was an experimental model using a hollow 
aluminum handle (Fig. 3-56). Both of these were equipped with com- 
mercial carbon transmitters and watch-case-type receivers. 

In 1902 a handset was produced for use by linemen in areas having 
common-battery service. This handset, called the model 1001 lineman's 
set, was equipped with a No. 244 carbon transmitter and a No. 131 
watch-case receiver mounted on a hollow metal handle; initially the 
handle was formed of sheet steel but later it was changed to aluminum 
(Fig. 3-57). 

The Model 1002A handset (Fig. 3-58a) was originally designed in 1902; 
the Western Electric Company was authorized to produce 100 units in 
1904 for trial. It comprised a No. 267W carbon transmitter and a No. 141W 
permanent-magnet watch-case receiver mounted on a hollow metal 
handle. In 1904 the transmitter was redesigned to place the carbon 
button at an angle of 45 degrees to the diaphragm (Fig. 3-58b). This 
change was expected to reduce trouble due to positional effects 
encountered in testing. The modified design was coded the Model 2 
handset and the production of 3,000 units was authorized for use by the 
Associated Companies. All of these handsets were recalled from Bell 
System service in 1907, but a number were sold to non-associated 
telephone companies and apparently met their requirements. 

The Western Electric Company produced an intercom handset, coded 
the Model 1003 in 1910 (Fig. 3-59), which received limited use for its 
special purpose. It used a No. 320 transmitter and No. 183 receiver. 

During the 1900-1921 period the demand for handset telephones in 
Europe increased and designs were produced by the Western Electric 
Company to serve the European market. One of these, the Model 1005B, 
using the No. 324 transmitter and No. 188 receiver, is shown in Fig. 3-60. 
It was originally manufactured by Western Electric at the Hawthorne 
Works near Chicago but later production was transferred to the Antwerp 
shop. Another Antwerp handset is shown in Fig. 3-61 (Model 2266). 
Both of these were tested for possible Bell System use but were found 
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Fig. 3-58. Handset designs of 1902-1905: (a) Model 1002A (1902); (b) Model 2 (1905). 

unsuitable because of the inherent limitations in early handsets, dis- 
cussed in the following section. 

6.4 Hand Telephones for Bell System Use 

It is natural to wonder why it was, with all this background of 
experience, that practically no handsets were used in the Bell System 
until the late twenties. The answer, in simple terms, was that this ex- 
perience clearly showed that the handsets available up to this time could 
not meet the rigorous requirements of Bell System service which, unlike 
the smaller European administrations, required transmission over dis- 
tances of 3,000 or more miles. 

The handsets produced up to about 1915 had two basic faults which 
had to be overcome before this type of instrument could receive wide- 
spread Bell System use. One of these was the variation in efficiency of the 
transmitter with position. The solid-back transmitter which had 
provided the efficiency and reliability necessary for the spread of tele- 
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phone service throughout the United States was stable and uniform in 
performance when its position varied only within the limited range per- 
mitted by the adjustments available on deskstands or wall sets. It was 
found through experience that a handset was used in a large variety 
of positions in some of which the efficiency was greatly impaired. Some 
variation in efficiency was acceptable where the line losses were small, 
as on short-haul circuits, but on routes a thousand miles or more in 
length, maximum efficiency was necessary until such time as line losses 
could be reduced by amplification. Additionally, the constantly changing 
position associated with handset use caused abrasion of the carbon, 
increasing its resistance and generating noise. 

The second problem arose from the acoustic feedback between re- 
ceiver and transmitter. Sounds from the receiver were conducted through 
the handle (or other coupling paths) to the transmitter and thence via the 
sidetone path of the speech circuit back to the receiver. Oscillation, or 
singing, occurred when there was a net gain (amplification) around 
this path. With the deskstand, this was not a serious problem since 
the receiver was ordinarily poorly coupled to the transmitter, being 
either on the ear (and shielded from the transmitter) or at some distance 
from the transmitter. 57 Several means for curing this problem existed 
with varying degrees of practicality. Employing a handle with 
poor sound-conducting properties was very helpful while the handset 
was being used, but with the resonant, high-efficiency instruments then 
in use singing would still occur when the handset was placed on a desk 
or other hard surface that provided good acoustic coupling. Lowering 
the peak instrument efficiency was also effective but undesirable for 
reasons previously noted. Finally, the use of a good anti-sidetone circuit 
would also reduce the potential for singing but simple circuits of this 
type did not become available until Campbell's work around 1918. 

The faults of the handset were appreciated at an early date and were 
outlined in a 1907 letter written by J. J. Carty, the Chief Engineer of 
Western Electric. However, means for accomplishing a cure were not 
available at the time. By the end of World War I, the underlying 
causes were quite well understood and the availability of the anti-side- 
tone circuit and amplification for reducing line losses (and potentially 
reducing the need for extremely high instrument efficiency) offered some 
hope that the inherent faults of the early handsets could be corrected 
if the positional problem could be reduced. Accordingly, a comprehen- 
sive program for the development of a handset was begun. The objec- 
tives outlined by G. K. Thompson on May 18, 1918, were: 


57 However, older readers may recall that they or their childhood friends learned 
at an early age the possibility of annoying users by bringing the receiver and trans- 
mitter together until singing occurred. 
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(i) Dimensions must be based on head measurements. 

(«) The handset must work properly in any position. 

(Hi) Howling must be avoided. 

(iv) The handle and all exposed parts must be made of insulating 
material. 

(i>) Carbon noise must be avoided. 

(vi) The transmission performance must be equal to that of the most 



Fig. 3-62. A gauge being used for 
making head measurements to de- 
termine the proper dimensions of the 
handset. Fig. 3-63. Distribution 
of head measurement data. (Re- 
drawn from Jones and Inglis 1932, 
Fig. 11) 
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efficient transmitter and receiver in current use so that the 
handset could be interchangeable with existing station sets. 

Optimum dimensions, including the spacing of the receiver and 
transmitter and their angular positions relative to the handle and to each 
other, were an important matter. A handset configuration had to be 
comfortable for most users while keeping the transmitter close to the 
lips since an unnecessarily large distance would reduce efficiency. 58 
In order to resolve this problem, 4,000 measurements of head dimensions 
were made in 1919 on a sample of adults carefully selected to approxi- 
mate the population as indicated by the most recent census. The gauge 
and method employed are illustrated in Fig. 3-62 and the results, together 
with an outline of the chosen handset drawn to the same scale, are shown 
in Fig. 3-63. With the chosen configuration the average distance between 
lips and transmitter mouthpiece was reasonably small and all but 3 per- 
cent of the adult population could use the handset with the receiver held 
to the ear in a normal manner. Only minor adjustments were required by 
the remaining users. This survey of the population was one of the early 
applications of anthropologic measurements in industry and one of the 
first applications of “human factors” studies in the Bell System. Suc- 
ceeding studies in which the talker volume from the transmitter was 
measured during actual telephone calls and compared with similar in- 
formation obtained with other transmitters extended the human factors 
approach, a technique much used throughout industry today. 

Solving the transmitter positional problem required an entirely new 
approach to transmitter design . The solid-back transmitter had optimum 
efficiency in the usual vertical position of use. With handsets, the 
diaphragm was seldom vertical, more often being used in a nearly 
horizontal position in which case the carbon fell away from the upper- 
most electrode, giving rise to poor quality of speech and high resistance, 
the latter resulting in excessive heating and noise. Many shapes of 
carbon button were tested, but the solution finally adopted was the so- 

called barrier button, invented by C. R. Moore. 59 In the barrier-button 
transmitter (Fig. 3-64) the carbon container, placed in front of the 
diaphragm , comprised a hemispherical electrode separated by an insulat- 
ing barrier from a ring electrode; the carbon mass was driven by the 
diaphragm but the electrical path through the mass was independent of 
the diaphragm and remained relatively unaffected by the position of the 
instrument. Performance was practically the same in any position except 

58 Increasing the distance between the lips and the transmitter from one-half inch 
to one inch reduced the transmitter output (for the same speech level) by about 3 dB. 
With the deskstand, the user could easily talk closely when necessary but with a hand- 
set, moving the transmitter relative to the lips could unfavorably affect the receiver 
position and performance. 

59 C. R. Moore; U. S. Patent No. 1,565,581; filed October 3, 1921; issued December 
15, 1925. 
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Fig. 3-64. Cross-section view of barrier-button transmitter (1922). 


for some distortion when the domed portion of the button was under- 
neath the diaphragm. To avoid this problem the button was located on 
the front of the diaphragm instead of the back as had been customary 
in the past. With this arrangement, the carbon granules are held in 
intimate contact with the diaphragm in all positions except when the 
diaphragm is face down, a position almost impossible to achieve in use. 
The extent of improvement in noise and performance achieved with 
this design is illustrated in Fig. 3-65. 

Several measures were used to solve the howling problem. The effect 
of sound transmission through the handle was minimized by using a 
handle 60 made of material that dissipated sound energy and was designed 
to have a resonant frequency above the voice range (where the instru- 
ment efficiencies were low). Further control was obtained by a radical 
departure from previous transmitter design practices. Instead of using 
a resonant system peaked at the same frequency as the receiver, a highly 
damped system was used with a broad response peak in the upper voice 
range. This was obtained by using a very light but stiff diaphragm sup- 
ported at the rim by a “book" of annular paper rings in a rather loose 
assembly. These rings damped out some of the resonances and per- 
mitted the diaphragm to vibrate as a unit. This resulted in a transmitter 


60 W. C. Kiesel; U. S. Patent No. 1,435,977; filed December 8, 1919; issued August 
15, 1922. 
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Fig. 3-65. Position effects with barrier-button transmitter: (a) effect of position on 
transmitter output; (b) effect of position on carbon noise. (Redrawn from Jones and Inglis 
1932, Figs. 7 and 8) 


responding to a wide range of frequencies but with a greatly reduced 
peak efficiency as shown in Fig. 3-66a (with the similar deskstand charac- 
teristics shown for comparison). The receiver characteristic was essen- 
tially unchanged as shown in Fig. 3-66b, but because of the transmitter 
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modification, the peak efficiency of the combination (the significant 
factor in the singing path) was greatly reduced and the overall frequency 
response was flatter and broader. (See Fig. 3-66c.) For a fixed speech 
input, the output was, in terms of loudness, lower than for the highly 
resonant deskstand and would have been quite unacceptable on the 
basis of design criteria used ten years earlier. However, by the mid- 1920s 
the use of field measurements to determine talking volume and articula- 
tion tests to evaluate overall quality changed the picture. It was found 
that the much reduced sidetone that accompanied the change in trans- 
mitter characteristic caused a considerable increase in the acoustic speech 
level used by the talker with a net decrease in electric volume on the 
line very much smaller than the apparent reduction in instrument effi- 
ciency. Articulation tests suggested that the improved response at the 
higher frequencies would easily compensate for the volume loss, and 
this was later confirmed by the repetition-counting technique. 61 

These were the major changes which made the handset commercially 
practical but numerous other improvements in the art were also incor- 
porated in the final design. For example, methods for manufacturing 
carbon granules were revised, including the selection of raw material 
and techniques for grinding, roasting, and cleaning. Iron particles de- 
rived from iron pyrites occurring in the coal were removed by a magnetic 
separator. Flakes and slivers were removed from the final product by 
elutriation in an air stream. The material so processed had increased 
uniformity and stability. 

The receiver ultimately used was basically similar to previous small 
receivers. It used improved magnetic materials that would have made 
an efficiency increase possible. However, the net benefit would have 
been small because of the accompanying increase in noise and sidetone. 
Instead, the improvements resulting from the new materials were used 
for two other design changes. One was increased separation between 
pole pieces and diaphragm to minimize the chance of contact (freezing) 
which sometimes occurs when clamped diaphragms are subject to 
temperature changes. The other was a reduction in receiver impedance 
which reacted with the speech circuit so as to give the same net receiving 
efficiency but with reduced sidetone and some increase in transmitting 
efficiency, thus partially compensating for some transmitter changes. 

These design changes were accomplished over a considerable period 
of time during which numerous minor changes were made and 
tested. Tests were conducted on preliminary handset designs in the 
1922-24 period; the first major test, under field conditions, started 
on September 14, 1924. A sample of 490 units of the Type A 
design (Fig. 3-67) was manufactured and placed in service with 

61 Section V of Chapter 4 covers these new testing techniques more comprehensively. 
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Bell System employees at the American Telephone and Telegraph 
and Western Electric locations in New York City. Several deficiencies 
were found in this trial and redesign continued, passing through 
Types B, C, and D. The major change during this period was in 
the receiver. The Type A set had used a split-winding receiver, 
serving as part of an anti-sidetone speech circuit. This required 
electromagnetic bias and proved to have unsatisfactory characteristics, 
and the more conventional permanent magnet using a new cobalt 
steel was substituted. A new form of receiver cap was also intro- 
duced which was easy to center on the ear and provided a good 
acoustic seal. Other, internal alterations included changes in dimensions 
of the carbon chamber, modification of the oiled-silk moisture barrier, 
and addition of a small capacitor across the transmitter terminal 
to reduce electrical packing found to be caused by radio signals 
and by transient currents due to switching operations. Finally, in 
late 1926, production was begun on the E1A handset (Fig. 3-68a) 
by the Western Electric Company in the Hawthorne Plant, and it 
was made , available for general use early in 1927. This handset, 
which had been found to be "free of gross fault" in articulation. 


Fig. 3-67. Tool-made sample of the developmental handset of 1923. 
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Fig. 3-68. (a) Cross section of early E1A handset (1926). (b) E1A handset and A1 handset 

mounting (1927). 


efficiency, and durability during a two-year period of exhaustive 
tests, comprised the 395B barrier-button transmitter, the 557E receiver 
with cobalt-steel magnets and ferrotype diaphragm, and the El 
handle of phenol plastic material, equipped with a 4-foot 83B cord. 
When not in use, the handset was "hung-up" by placing it in a 
horizontal position on a cradle actuating the switchhook as shown 
in Fig. 3-68b. It was found to be practicable to use this hand- 
set interchangeably with the existing deskstand in the telephone 
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plant. The existing speech circuitry was usable since the handset 
transmitter and handle designs eliminated the need for sidetone 
reduction except as already provided on very short loops by the STR 
connection (refer to Section 3.1). However, as noted previously, 
the new field-testing technique demonstrated the other advantages 
of anti-sidetone circuits and such arrangements became available a 
few years after the E1A handset. 

The development of the handset has been dealt with at length 
because it marks a major milestone in the evolution of the Bell 
System and telephone technology. The handset of 1927 introduced 
a new form of telephone instrument which has become the uni- 
versal type of customer instrument of today. But more importantly, 
it marked major changes in design techniques. Prior to World War I, 
the telephone instrument was largely the result of inspired invention 
and empirical testing, mostly subjective in nature, without the benefit 
of basic theory and quantitative testing techniques. By the 1920s 
transmission theory had developed rapidly and Bell engineers had 
adapted the advanced electrical theory to the design of electro- 
mechanical systems and the handset transmitter was one of the first 
telephone applications of this work. 62 At the same time both labo- 
ratory and field measurement techniques had developed to the point 
where the theoretically inspired designs could be evaluated quanti- 
tatively. It was only through such techniques that it became possible 
to demonstrate that optimum design, in the new age of amplifica- 
tion, lay in the direction of improved naturalness and quality of 
speech even though this might involve large reductions in loud- 
ness efficiency. 

6.5 Public Telephones — Coin-Operated Sets 

6.5.1 Background 

The telephone sets just discussed were designed for installation 
in homes and business locations of the general telephone user. 
These users "subscribed" for telephone service and paid for it by 
means of a fixed monthly charge plus additional fees for long-distance 
or other special services, according to use. Generally speaking, usage 
was restricted by the subscriber to his family, friends, and business 
associates. There was, additionally, a need for a service, preferably 
on a pay-as-you-call basis, for those who were unable to sub- 
scribe for full service. This was a prime motivation for "public 

62 As discussed later, broad research into the speech and hearing process was 
started about 1915. In the twenties, instrument designs began to be greatly influenced 
by this work not only through the application of its results but also by the use of the 
analytic and measurement techniques devised in support of the research study. 
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telephone service " 63 in the early days of telephony, but another 
reason soon arose and has become more important as time has 
passed. This is the provision of readily available service to a subscriber 
or anyone else whenever the need arises and wherever he may be. 
Thus, in the early days, the greatest need was for well-distributed 
public stations in residential areas where subscriber service was sparse. 
Today, the use of public stations has greatly expanded to include 
locations along highways in lightly populated areas, as well as on busy 
streets in central city areas. 

The simplest way to meet the initial need was to install a con- 
ventional telephone station in a public location with an attendant to 
collect the fee and set up the call or instruct the user as required. 
Because of the high expense involved in paying an attendant, this 
procedure is practical only where the calling rate is high- and is 
still used at such locations. Since true convenience to the user re- 
quired widespread stations, even where the usage was low, it was 
necessary to find a less costly scheme for such locations. A telephone 
automatically controlled by a coin deposit seemed to be the answer 
and such devices were invented at an early date . 64 The basic principle 
underlying most of these contrivances, which came to be known as 
"coin boxes," was the use of a coin to unlock a basic element in 
the station without which service would be impossible . 65 Originally 
they were adjuncts to conventional subscriber telephones but it was 
soon found preferable to design a special instrument or "coin telephone" 
in which the telephone and the coin-collecting functions were com- 
bined in a single housing. 

The basic coin box scheme had two main variants: in one, known 
as the prepayment system, a coin deposit was required before the 
user could make contact with the operator (or dial a call in machine 
switching areas). With this arrangement a coin return mechanism 
was required so that the user could be reimbursed if for any 


63 Strictly speaking, two categories of public telephones are recognized today. 
The term, without qualification, refers to a telephone installed by the telephone com- 
pany on its initiative in rented space or outdoors. The rent, or commission, is often 
based on the use of the phone. Such phones are usually not listed in the directory. 

Semipublic telephones are installed for a combination of subscriber and public use 
at locations such as filling stations, clubs, apartment houses, etc., where public usage 
is small or restricted. Such phones, often used mostly by the subscriber, are listed 
in the directory and involve a minimum charge which is made up by the subscriber if 
the collections fall short of the necessary amount. In the text, the term "public tele- 
phone is used in a comprehensive sense since, from a technical standpoint, the dis- 
tinction between categories is unnecessary. 

Coin-operated devices did not originate with the telephone but were reasonably 
well known before the 1880s. 

While the provision of the public telephones was the main incentive for devel- 

oping coin boxes, they were also employed to some extent in residences, as covered 
in Section 7.3. 
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reason a charge was not required. In the second, or "postpay- 
ment" system, the call was set up in the usual manner without 
a coin deposit, but the connection to the called party was not 
completed until payment was made. The former scheme required 
more complex equipment to provide coin return but required less 
operator time. The latter scheme, while basically simpler, not only 
required more operator time but also frequently left the called sub- 
scriber waiting on the line while the caller fumbled for the necessary 
coins. The most significant advantage of postpay was that it permitted 
the caller to reach an operator without a coin deposit, a distinct 
advantage in an emergency (but also giving rise occasionally to endless 
arguments with the operator under non-emergency situations). Both 
systems have been and are used in the Bell System, but the prepayment 
plan was the preferred arrangement after about 1906 and became used 
almost universally because of traffic holding-time savings. 66 

With this as background, it is possible to summarize briefly the 
evolution of public telephones, sometimes referred to as "pay stations." 

6.5.2 Early Pay Stations 

Attended pay stations, located in public buildings, were operated 
as early as 1878 by Thomas B. Doolittle on a private intertown 
connection between Bridgeport and Black Rock, Connecticut, as a 
service provided by the Social Telegraph Association. A fixed rate of 
15 cents for each call was charged. 

Reference to a "pay station," which was probably the first public 
telephone in the world, appeared in the New Haven Register of May 
25, 1880. The article announced details of the formation of the 
Connecticut Telephone Company and stated that "a 'pay station' will 
be established there, where for 10(f or a similar sum, anyone can 
talk with any telephone owner." Other attended public pay stations 
were opened in New York City in 1880 in certain offices of the American 
District Telegraph Company. 

The collection of the charge by the telephone company attendant 


66 The need for a coin deposit on emergency calls was recognized as a distinct dis- 
advantage and was debated extensively before prepayment was adopted. As time 
passed, and the value of operator time increased, the economic benefit from pre- 
payment grew accordingly. At the same time, the density of residential phones grew 
rapidly and the use of coin stations for meeting domestic emergencies practically dis- 
appeared. However, by the 1960s the situation had begun to change significantly as 
the accident rate on highways and the incidence of street crime increased and brought 
greater demands for emergency service in these areas. The expansion of coin service 
in such areas met much of this need but in a few cases the necessity for an initial 
coin deposit nullified their potential value. As a result, extensive central -office equip- 
ment changes were initiated in the 1960s to make emergency service available with- 
out a coin deposit while retaining the prepayment requirement on other calls. 
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or agents (such as hotel or drug store employee) was the principal 
method used for payment at public stations during the next 10 or 
20 years but ideas for automatic collection began to develop during 
the 1880s. One of the first patents for a coin box was issued to 
Edmunds and Howard in 1885. 67 It provided for a prepayment box 
in which the coin could be collected or refunded by the central- 
office operator. This was a basic concept that was widely adopted 
later but the Edmunds and Howard scheme seems not to have 
been implemented. 68 The first public coin station (manufactured by 
William Gray and illustrated in Fig. 3-69) was installed at Hartford, 
Connecticut, in 1889. The following year the New York Telephone 
Company placed in service ten coin boxes manufactured by J. H. 
Bunnell and Company under a patent granted to H. C. Root. The 
Root patent covered a postpay box capable of accepting coins of 
various sizes and used a vibrating bell or buzzer signal to indicate 
coin deposits to the operator handling the call. For reasons lost in history, 
no more boxes of this type were installed during the next four years. 

By the turn of the century more practical coin boxes became 
available. A box produced by the Baird Manufacturing Company 
about this time is shown in Fig. 3-70. This was a postpay box 
which would accept three sizes of coins. A lever had to be pulled 
down after each coin deposit to signal the operator that a deposit 
had been made. It can be noted that the instrument had a carrying 
handle and may well have been one of several portable devices, con- 
nected through jacks installed at each table, which were used in 
fashionable restaurants of the period. About 1902, coin-operated tele- 
phones began to be widely used, particularly in the Chicago area where 
large numbers were installed in residences. Figures 3-71 and 3-72 
illustrate typical single-coin boxes of the period. Until about 1900 most 
development and manufacture of coin telephones was carried on outside 
the Bell System. By the turn of the century some 25 companies were 
manufacturing coin boxes in the United States. One of the earliest and 
most inventive people in this field was William Gray, who became 
interested in public coin boxes in the late 1880s 69 and received his 
first patent in 1889. Later George A. Long joined forces with him 

67 H. Edmunds and C. T. Howard; U. S. Patent No. 327,073; filed May 13, 1885; 
issued September 29, 1885. 

68 Many of the early coin box schemes were very ingenious but completely imprac- 
tical. The Edmunds and Howard patent was no exception. It showed an excellent 
understanding of the functional requirements but the proposed mechanical arrange- 
ment was complicated and probably not very practical. 

69 Legend has it that he was inspired by difficulty he experienced in 1888 when he 
attempted to obtain the use of a nearby subscriber telephone for summoning a doctor 
during a family emergency. He manufactured the first public coin station (Fig. 3-69) 
as mentioned earlier. 
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Fig. 3-69. First pay telephone (1889). Fig. 3-70. Baird pay telephone (circa 1900). 


in the Gray Telephone Pay Station Company. Together they were 
granted a large number of patents. The Gray and Long combina- 
tion became dominant in the field as they developed a strong patent 
position covering basic and practical arrangements for handling coins 
of various denominations so that the boxes could be used for the 
more expensive toll calls as well as local "nickel" calls. 

6 . 5.3 Basic Coin Box Problems 

Of the many problems involved in coin box development two were 
outstanding. First was the need to inform the operator of the number 
and denomination of the coin deposited. This was the problem solved 
so well by the Gray Company. The second was the need for returning 
coins to the caller if for any reason the call was not completed. This 
was a less critical problem, since it could be avoided by postpay- 
ment, but was essential to the prepay system. Western Electric was 
instrumental in providing a practical solution to this problem in the 
early years of the twentieth century. 

Gray and other coin box inventors used electrical signals, sounds 
from buzzers, plucked reeds, and similar arrangements for indicating 
a coin deposit but when more than one coin was involved, a complicated 
lever mechanism, operated by the caller, was usually employed. 
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BUZZER 



Fig. 3-71. No 1A coin collector. 

A typical implementation by Baird is shown in Fig. 3-70, mentioned 
previously. About 1890, Gray accidentally dropped a coin on a bell 
and realized that the resultant sound, picked up by the telephone 
transmitter, could be used as a coin signal using no energy other 
than that of the falling coin. The basic idea was further developed 
into a multicoin arrangement which was covered by patents granted 
to Gray and to C. W. Holbrook in 1892. As implemented, this 
scheme used a separate slot and coin chute for each denomina- 
tion. The coins, in passing through the chute, struck one or more 
gongs generating distinctive signals for each coin deposited. Boxes 
with as many as five slots were constructed, but the most common 
arrangement, still in use today, accepted three sizes of coins. The 
nickel, on its way to the cash box, struck a bell once; a dime hit the 
bell twice. The quarter followed an entirely different path, striking a 
so-called "cathedral gong." 

Gray's first attempts to apply this scheme were not successful because 
the bell sounds were not efficiently conducted to the transmitter. 
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Fig. 3-72. Coin-operated telephone of the early 1900s with No. 7 collector. Fig. 3-73. 
Early No. 50A Gray/Westem Electric coin box. (From Western Electric News of February 
1916) 


After numerous futile experiments involving horns and other means 
for conveying the sound through an air path, it was found that a 
rigid connection between the bell mechanism and the transmitter 
mounting (provided by a common plate or backboard) gave adequate 
sound transmission. 70 This arrangement, which was referred to as a 
“resonant connection," was patented in 189 7. 71 This was such a simple 
and obvious way to couple the sound producer to the transmitter 
that it was widely adopted by other manufacturers and in 1905 
the Gray Company started an infringement suit against Baird. The 
U. S. Circuit Court of Appeals, in a decision handed down in 1909, 
sustained the Gray patent and gave them control over the most 
satisfactory way then available for signaling the operator. 72 


70 One of the schemes tried by Gray was the use of a second transmitter close to the 
signal bell for the sole purpose of picking up the bell sounds. The scheme was not used 
at this time (probably because of its complexity) but about 1930 when coin boxes were 
adapted for handset use, it was revived. With these instruments the coupling between 
the signal bell and the speech transmitter was very poor, and the supplemental signal 
was essential and is still used quite successfully. 

71 W. Gray; U. S. Patent No. 593,720; filed November 17, 1893; issued November 
16, 1897. 

72 The term “resonant connection" seems to have been used rather loosely to mean 
a solid (rather than an air) path for the transmission of the bell sound to the trans- 
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6.5.4 Bell System Developments 

The Bell people devoted little effort to coin telephones during the 
first 15 to 20 years of telephony 73 but beginning in the early 1890s 
the Boston staff conducted detailed tests on various designs offered 
by Gray, Baird, and others. A few found application in various parts 
of the system (in the absence of anything better) but, generally speak- 
ing, the attendant or agency schemes served most needs until near the 
end of the nineteenth century. 

The first Bell coin box patent seems to have been granted to 
G. K. Thompson of the Boston laboratory. 74 This covered a postpay, 
single-coin box adaptable to either local- or common-battery stations. 
After depositing a coin, the user operated a lever which collected 
the coin and signaled the operator, by means of a buzzer, that the 
deposit had been made. C. E. Scribner of Western Electric applied 
for a patent on a prepay box in 1896. It was not issued until 
1899. Several other prepay patents were issued about this time 
to Scribner and McBerty, but all covered rather crude arrangements 
which required action by the user for coin return. The first significant 
step forward in prepayment boxes came from A. M. Bullard of the 
Chicago Telephone Company who in 1898 invented a scheme for 
using a polarized magnet to control the disposition of the coin. A signal 
of one polarity originated by the operator would return the coin to the 
user if the call was free or incomplete. The opposite polarity would 
collect the coin in the cash box. Bullard applied for a patent on this 
arrangement about a year later. It was issued in 1901 75 and was assigned 
to the Western Electric Company. Scribner, also in 1901, adapted the 
principle of the polarized magnet to an improved collect-return mech- 
anism. 76 Both patents were put to use in coin boxes manufactured by 
Western Electric in the early 1900s and coded Nos. 1 through 7. 


mitter. There is no evidence that coin box manufacturers attempted to tune the con- 
nection so as to enhance the transmission of the bell frequencies. The judicial decision 
gives Gray credit for being the first to devise a "resonant connection" but seems to 
interpret this as "the idea of vibratory conduction of the sound signal along the 
solid wood or metal located in the path of vibration between the signal and the trans- 
mitter." This broad interpretation gave Gray an impregnable position. 

73 This was the period when major advances were being made in the new art. The 
companies were converting their lines to a metallic system using hard-drawn copper 
wire, common-battery exchanges were being introduced, and the reliable, solid-back 
transmitter had just become available and was being installed widely. In view of the 
large amount of engineering effort required by these activities, it is not surprising 
that the priority placed on coin box development was not high. 

74 G. K. Thompson; U. S. Patent No. 547,405; filed May 13, 1895; issued October 
1, 1895. 

75 A. M. Bullard; U. S. Patent No. 665,874; filed June 7, 1899; issued January 15, 1901. 

76 C. E. Scribner; U. S. Patent No. 728,309; filed July 29, 1901; issued May 19, 1903. 
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The Nos. 1, 2, and 3 boxes were postpay, single-coin (optionally 
nickel or dime) devices made under the G. K. Thompson patent 
and were used for a number of years. The No. 1A box is illustrated 
in Fig. 3-71. Similar collectors were manufactured in the early 1900s 
by Baird, Gray, and others and used by a number of the Bell Com- 
panies. The No. 4 box was referred to as the "Esterbrook Box" and 
seems to have played an unimportant part in the coin box evolution. 

The No. 5 box incorporated the Bullard patent. It was listed in a 
December 1902 Western Electric catalog. It was superseded almost 
immediately by the No. 7. However, the Chicago Company used the 
No. 5 box (probably manufactured locally) as early as 1898 and it seems 
to have been the first fully automatic prepay box in use in this country. 

The No. 7 box, which is shown in Fig. 3-72, used the Bullard 
principle with the improved Scribner collect mechanism. It was a nickel- 
only box in which the deposit of a coin lighted a lamp in front of 
the operator. The coin was held in suspension until the end of the 
call, at which time it could be collected or refunded by the electro- 
magnet in, the box under control of the operator. Some eight or nine 
versions of the No. 7 box were ultimately produced and the basic 
design was not discontinued from manufacture until 1931. 

In the latter part of 1903 a multicoin box was developed for toll 
service which used the No. 7 mechanism to initiate calls, further 
collections being made when the call was established by means of 
deposits through a second slot leading directly to the cash box. Around 
1906 and 1908, modified versions were introduced which kept all 
coins in suspension until they were collected or refunded by the mag- 
netic mechanism. In some of these multicoin boxes the user operated 
a lever, after each coin deposit, which struck a gong mechanically to 
inform the operator of the deposit and the size of the coin; thus these 
boxes involved a return to a mechanical principle requiring activation 
by the user. 

About 1908, Forsberg of Western Electric began the development of 
an improved multicoin mechanism which was an extension of the 
Bullard-Scribner principles. The first model, known as Y-485, was 
produced in January 1909. In this device all coins were held in a 
bucket which could be tripped by a polarized magnet, controlled by 
the operator, so as to collect or return them as required. 77 By this 
time the Gray mechanism for signaling coin deposits had proven its 
worth and it was obvious that if this mechanism were combined with 


77 Further improvements were made in successive models and a patent application 
was made in 1911 and issued (No. 1,043,219) on November 5, 1912, in the form used 
for many years in the No. 50 box. 
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Forsberg's, the result would be a truly automatic, multicoin, prepay 
box. Consideration was given to developing such a box by Western 
Electric, but the 1909 court decision made it clear that it would not 
be possible without the use of the Gray patent. It was decided, there- 
fore, to join forces with Gray and on October 18, 1910, an agreement 
was signed under which Gray would manufacture coin boxes for the 
Bell System using the Gray chute and box system but with a collection- 
magnet system supplied by Western Electric. Western Electric also 
supplied and installed the telephone instrument and station circuitry. 
This box, shown in Fig. 3-73, was coded the No. 50A in December 
1911, and the basic principle involved continued in use for over 50 
years. The original Gray agreement ran for about four years but was 
renewed, with changes as necessary, until the mid-1930s when Western 
Electric took over manufacture of the entire box. 

During the long period in which the No. 50 coin box was manu- 
factured, many changes were introduced. The boxes were adapted to 
dial operation in 1920. The anti-sidetone (AST) coil and the handset were 
introduced in the early 1930s. The original cast-lead chutes were 
replaced with more durable brass and many detailed changes were 
made to prevent vandalism and fraud from the use of slugs, mis- 
appropriation of collections, and so forth. 78 The locks were improved in 
various ways and in 1916 the box was strengthened by using a pressed- 
steel lower housing in place of the earlier cast iron. An important 
change was the introduction of a self-locking sealed coin receptacle. 
With this arrangement the receptacle was removed from the coin box 
by the collector and replaced with an empty one. Access to the 
coins required a key to the receptacle which was available only to 
the accounting office which supervised collections. In the 1920s this 
sealed box superseded the older arrangement in which the collector's 
key gave direct access to the coins. 

New code numbers were assigned to boxes incorporating the changes 
and improvements mentioned above. Many of these were accomplished 
by changing the letter suffix in the No. 50 series. In other cases 
the number series was changed. For example, the 150 series was 
wired for the AST station set, the 160 designation was assigned to 
replace the 150 for boxes manufactured entirely by Western Electric 
(about 1935), and the 170 series covered coin boxes using handsets 
(1940). 

78 It is interesting to note that fraud is not a recent problem. In 1900, Scribner filed 
for a patent covering a device for detecting iron slugs and sending a warning signal 
to the operator. 
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VII. CUSTOMER TELEPHONE ADJUNCTS 

Today we have become accustomed to supplementing the telephone 
station with many devices which increase the usefulness of the service. 
Message recorders, automatic dialers, complex switching mechanisms, 
and many other accessories to the telephone station are commonly used 
on the customer's premises. But during the first 50 years emphasis 
was on expanding basic telephone service and only a few adjuncts 
to the customer telephone set were used, notably the telephone 
booth and some rudimentary switching and metering arrangements. 

7.1 The Telephone Booth 

The primary purpose of the telephone booth is to provide a degree 
of privacy to the user of telephones at public locations. However, in 
the very early days the need to shout, particularly on long-distance 
calls, caused the user to be rather a nuisance to those around him 
and booths were sometimes used in business offices to reduce the dis- 
turbance as well as to provide privacy. 79 
.. * 

The pay telephones used on Doolittle's Bridgeport- Black Rock 
circuit of 1878 were installed in enclosures and this was probably 
the world's first use of a telephone "booth.” But the first booth patent 
was not filed until 1883. It described a booth 4 to 5 feet square 
with domed roof and a ventilator. It was mounted on wheels, 
presumably on the basis that it was a piece of furniture and was sure 
to be moved about. 

By about 1890 a standardized series of five booths became avail- 
able of which the No. 3 and No. 5 shown in Fig. 3-74 and Fig. 3-75, 
respectively, were typical. These booths, which were described in an 
April 1891 AT&TCo brochure, were available either in oak or cherry 
at a cost between $112 and $225, without "fixtures," 80 depending on 
size and number of walls with windows. The Nos. 1, 2, and 3 booths 
differed only in the window arrangement. They required floor space of 
about 4 by 5 feet, and were intended for use of the long-distance cabinet 

79 Since Watson's landlady objected to the disturbance he caused with his early 
telephone experiments, he created a form of "booth" by using a roll of bedclothes to 
muffle the sound. 

80 It was considered appropriate to provide not only an ornate booth structure but also 
a decorated interior. Available fixtures were: 

Wilton rug $3.50 and $6.50 

Revolving stools with russet leather tops $2.00 

Yellow silk window draperies $3.00 per pair 

By 1891 booths were already in use at such exclusive places as the Astor House in New 
York, the Grand Union Hotel at Saratoga, and the Union League Club of Chicago. 



Fig. 3-74. No. 3 long-distance telephone booth. 


Fig. 3-75. No. 5 long-distance telephone booth. Fig. 3-76. Long-distance cabinet set (1887). 
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telephone illustrated in Fig. 3-76. 81 The No. 4 and No. 5 type (also 
differing only in window arrangement) were intended for use with 
a standard wall set and required only a 4-by-2V2 foot floor space. 
All types had double walls and doors to make them soundproof and 
also included domed roofs. This type of booth was used extensively 
between 1890 and 1900 but some booths of simplified construction 
were also introduced during this period. About 1900 the Bell engineers 
drafted specifications for a much smaller and simpler booth which was 
built by outside suppliers on a competitive bid basis. These booths 
were about 34 inches square, had single walls (with some sound- 
deadening material added), and were lined with embossed sheet 
metal. They were the first of the unit construction type which could 
be assembled into groups. As in previous models, the door was 
hinged to swing outward and the floor (to provide structural strength) 
was raised about 4 inches off the building floor. Both of these 
construction details proved undesirable and were ultimately eliminated. 
By 1910 the door had been altered so that it could swing inward 
but it was not until 1930 that the elevated booth floor was replaced 
by a strong but thin steel plate. 

The door problem arose about 1904 when booths were being installed 
in narrow passageways and odd comers where an outward-swinging 
door was awkward to use and at times hazardous. Maurice Turner, 
then associated with the New York Telephone Company, proposed 
the use of a door, without hinges, running on a curved track that 
swung the door inward and parallel to the side of the booth as it 
was opened. After several years of experimentation, the first booths 
of this type were installed. A considerable number were built in the 
next few years but the floor track tended to clog with dirt and some 
users never did master the technique for opening and closing. In 
1910, Turner filed a patent for a double-hinged folding door with a 
simple guide at the top. This door operated easily and with motions 
which seemed logical to the user. It became the standard door mecha- 
nism and has continued in use pretty much ever since. At about the 
same time the floor space was reduced to 30 by 30 inches which is a 
common size for indoor booths today. A rather simplified construction 
gradually evolved so that the booths could easily be assembled into 
groups. Fronts and exposed end panels were well-finished hardwood 
but backs and sides used lower-grade material to minimize cost. 

About 1912 these features were incorporated in a new standard 
booth listed as the No. 1 type in the Western Electric catalog and 


81 This was the telephone first used with these booths. In 1891 it was replaced by 
a similar cabinet phone [item (h). Fig. 3-47] using a solid-back transmitter in place of 
the "long distance" transmitter used earlier. 
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illustrated in Fig. 3-77. It was generally used throughout the Bell 
System for many years but receding-door and swinging-door booths 
were still available for those wanting lower-cost arrangements. 82 In 
1930, the No. 5 and No. 6 type booths were introduced (identical 
except that a seat was supplied in the latter). These booths introduced 
the flush floor, improved lighting and ventilation, and numerous 
other features and accessories (Fig. 3-78). 

Most booths were made by outside suppliers until the mid-1920s 
when Western Electric, in order to provide better and lower cost booths, 
purchased the Queensboro Shop of the Turner-Armour Company 
which had been a booth supplier since 1915. This shop became the 
principal Western Electric plant for the manufacture of booths and 
continued in operation until 1965. 

Although standardization of booths has long been emphasized in 
order to minimize cost, there have always been a few places which 
warrant special designs. One of the most famous is the "Pagoda" 
booth used in San Francisco's Chinatown. The idea proved very popular 
and was adopted elsewhere. Figure 3-79 shows the manner in which the 
pagoda theme was used in New York's Chinatown to modify the 
austerity of an otherwise typical outdoor booth. Other special booths 
were developed for the rapid transit lines. Those used in the subways 
of New York were of all-metal construction and were made without 
doors for sanitary and other reasons. Probably one of the first out- 
door installations was used on the elevated railroad platforms where 
waterproof booths were required. About 75 outdoor booths were used 
on a special basis in 1939 at the San Francisco Golden Gate Exposition, 
but widespread usage of the type did not come until later. 

7.2 Switching — Key Telephones and Wiring Plans 

During the first 50 years of telephony, the switching functions per- 
formed by telephone stations (or closely associated equipment) were 
primarily of two types which can be described broadly as intercommuni- 
cation and line selection. 

The intercommunication or "intercom" system essentially provides a 
small private telephone system, usually confined to a single building 
or small area, controlled by a set of keys or switches associated with 
the station set. A wall set for connection to ten lines, dating from 
about 1904, is shown in Fig. 3-80. In such a system each station 


82 The earlier use of Codes 1-5 for the booths illustrated in Figs. 3-74 and 3-75 
seems to have been overlooked (probably because they were not marketed through 
the Western Electric Company). At any rate, the numbers were reused beginning about 
1912, No. 1 designating the folding-door booth which could be assembled into 
groups. No. 2 was similar but a single unit with finished wood on all sides, and Nos. 3 
and 4 were less-expensive types using receding and swinging doors respectively. 




Fig. 3-77. No. 1 folding-door telephone booth (circa 1912). 


was normally associated with a specific local cable pair. The pairs 
appeared at all stations in the system and access to them was by 
means of the pushkeys shown. To initiate a call the user pushed 
the key required to connect him to the desired line after which he 
sent a ringing signal by depressing the ring button. The called 
party actuated the answer key to connect his station to the line. In 

such arrangements one of the numbered lines could have been an 
outgoing line to a central office but in the early days it was common 
to use separate stations for intercom and network use since the latter 
required higher-grade station equipment. 

The line selection function was used where a single user desired 
access to several lines to the central office. Commonly, this was accom- 
plished by providing separate station sets for each line 83 but as early as 
1892 the station pictured in Fig. 3-81 was provided with a key (di- 
rectly under the receiver) to transfer the set between two lines. This 
arrangement seems to have been little used, probably because of the 
added space required in the base and the necessity for a special 
station design to meet a limited need. However, the need remained for 
switching a station among lines and later for other functions such as 
temporarily “holding” one line while using another, transferring calls 
from one station to another, and so forth. These needs were originally 

83 Older readers will recall that the movies in the first quarter of the twentieth 
century frequently pictured the affluent businessman with a battery of telephone 
stations on his desk. 
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met by a series of "wiring plans" introduced about 1921 which 
employed keys of the toggle or pushbutton type as shown in Fig. 3-82. 
These keys were usually mounted on the side of a desk and wired by 
the installer according to the standard wiring plan fitting the user's 
needs. These arrangements became quite common in the 1920s and 
by about 1930 the demand grew to the point where the more complex 
No. 100 key equipment for multiple lines was provided. This was an 
assembly of keys, relays, and signal lamps which had some of the 
characteristics of a small PBX 84 and provided more complex functions 
than the simple wiring plan. About 1940, when the combined telephone 
handset was introduced, keys and pushbuttons were again introduced 
in the base of the telephone set to control simple, on-premise 
switching functions. However, during the period covered by this portion 
of our history, local switching arrangements were largely adjuncts 
to the telephone station sets rather than an integral part and were 
controlled by separate key mechanisms wired to meet the user's 
needs. Mostly a standard wiring plan was used but custom designs 
were sometimes employed also. 

7.3 Metering Arrangements 

Around the turn of the century there was much discussion of the 
most equitable way to charge customers for telephone service. It was 

84 Private branch exchange, discussed in Section VI of Chapter 6. 




Fig. 3-78, No. 6 type telephone booth (circa 1930). 



Fig. 3-79. Pagoda booth. 
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Fig. 3-80. Ten-line intercom set (circa 1904). Fig. 3-81. Deskstand with line selection key (circa 1892). 


generally agreed that long-distance calls should be billed individually 
according to distance and duration, but local service was ordinarily 
covered by a subscription fee that was independent of the number 
of calls made . 85 Many people felt that this was inequitable. Some cus- 
tomers who seldom used the phone objected to paying as much as 
heavy users did, and many telephone managers felt that as a result 
of flat-rate service, customers made their phones available to friends 
and neighbors who would otherwise become subscribers. There was, 
therefore, a considerable body of opinion in favor of charging, even 
for local calls, on the basis of the number of calls originated. There 
was general agreement that charges for incoming calls would be unfair 
since the recipient had no control over them. Two schemes for 
measuring service were introduced, both depending on apparatus 
added to the regular customer's telephone. One called for the use of 


85 This is known as flat-rate service. While the fee was independent of the number 
of calls per month, it differed with the type of service furnished, i.e., business and 
residence charges usually differed and the rates were less for party than for individual 
line service. 
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meters (message registers) to count the calls, and the other used the 
coin box. 

The original idea was to place the meter on the customer's premises. 
Some of these devices required the user to press a button or operate 
a lever to initiate and register a call. They were fundamentally 
the same as coin boxes, registering a call on a counter instead of 
collecting a coin. They had the same disadvantages of requiring extra 
operator time and a visit to the premises to read the meter but the 
customer was billed monthly and spared the annoyance of having a 
supply of coins on hand. Hammond Hayes and others came up with 
counters operated electrically which were partly automatic but either 



Fig. 3-82. Keys used with wiring plans introduced in 1921. 

required complicated mechanisms or operator time to handle free and 
incomplete calls. This and the need for meter reading made the use 
of the meter on the customer's premises unsatisfactory and the scheme 
was little used. 

A more satisfactory arrangement was devised by Scribner which 
used meters on a one-per-customer basis at the central office. This 
scheme required little extra operator time (it ultimately became 
completely automatic) and greatly reduced the cost of meter reading. 
It was the only meter scheme used extensively in the Bell System 
and has been used mostly in large cities. In such locations measured 
service is still employed but in small cities flat-rate service has always 
been preponderant. 

The Chicago Telephone Company was the greatest user of coin 
boxes for providing measured service in the home, but they were also 
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employed in a few other cities, of which Cincinnati was one. At first 
the idea was outlawed by the Chicago City Council but in 1900 the 
City Legal Counsel ruled that coin boxes in residences were permitted 
under the company charter. 

Originally the idea was that they would be used more or less as 
semipublic stations, but the pay-as-you-call idea gained favor and by 
1902 they were used widely in residences, 20,000 having been installed 
during the previous year. This one year's growth was just short of 
the total stations (25,000) in service during the previous year and 
explains why the Chicago Company developed great enthusiasm for 
this type of measured service. 

The explosive growth did not last, but the use of residential coin 
boxes (at user's option) continued in Chicago into the fifties, various 
kinds of coin boxes being used during this period. Ultimately the col- 
lection cost became excessive and the pay-as-you-call system gave way 
to the monthly billing system in use elsewhere. 86 

Thus the idea of charging on the basis of originated calls started 
with the use of a station adjunct, but such arrangements were not 
used extensively. The basic idea was survived but metering has be- 
come one of the functions performed at the central office under 
control of the switching mechanism. 

VIII. TELEPHONES FOR OTHER USES 

In addition to the customer telephones that have been described, 
a number of other types evolved. Some of these, such as operator's 
and lineman's telephones, were used directly in the operation and 
maintenance of the national telephone network. Others, such as the 
high-quality instruments used for laboratory and comparison purposes, 
indirectly influenced the evolution of the network. Still others, while 


86 One of the unusual features of the Chicago coin service was that the use of slugs 
in home phones became quite common at one time. The collector on his monthly visit 
would separate out the slugs from the nickels and present them to the phone user 
who would redeem them in legal tender. The wide use of nickel slugs on a private 
basis obviously presented complications in the use of public telephones and other 
coin-operated devices and resulted in the use of special tokens of complicated design 
in place of nickels. These complications provided added reasons for discontinuing 
the home coin box but many users were reluctant to give them up, especially 
when use was shared with neighbors. In Chicago, residential coin boxes were 
discontinued as a new service offering at the end of 1937, but existing subscrib- 
ers to this service were allowed to continue. Even though equivalent message 
rate service at the same cost had been offered as a replacement, it was not until 1958 
that the number of coin boxes declined to about 1,000 and the service could be dis- 
continued. Cincinnati had discontinued residential coin service about ten years earlier. 
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by-products of major telephone development programs, had special 
or limited applications with little relation to the network. 

8.1 Operator's Telephone Sets 

The need for an operator 7 s set arose with the beginning of switching. 
Electrically the requirements were essentially the same as for customer 
sets except for the greater need for low sidetone brought about by 
the almost continuous usage, often in rather noisy surroundings. 87 
Physically, the set had to be designed so that it was comfortable 
to use for long periods, left the operator free to move to a limited 
extent, and also gave her the use of both hands for manipulating 
the plugs and keys used in switching. This was a rather large order 
and was not completely achieved for a number of years. 

The first operator's telephone sets were hand-held leaving only a single 
hand for switching. The first switchboard installed at New Haven, 
Connecticut, in 1878 provided abutterstamp instrument for the operator 
which served as both transmitter and receiver. The Gold and Stock 
Exchange in 1879 used handsets of the type designed by Brown which 
have been mentioned previously and illustrated in Fig. 3-54. Another 
operator's set introduced about this time used a Blake transmitter 
suspended by an arm in front of the operator and a hand receiver 
of the butterstamp type held by the operator. 

In order to free both hands of the operator, E. T. Gilliland in 1881 
devised a 6-pound arrangement to support a Blake transmitter and 
hand receiver on the operator's shoulder as shown in Fig. 3-83a. This 
equipment, because of the great weight, was unsuitable for use by the 
young women who were replacing the men operators used previously 
and was not put into widespread use. Instead an arrangement was 
tried in which both the transmitter and the receiver were suspended 
by an arm as shown in Fig. 3-83b. This was more comfortable but was 
difficult to use since the operator was obliged to remain close to the 
instruments if the set was to perform efficiently. Obviouslv, none of 
these arrangements was satisfactory but with the development of the 
small receiver by Richards in II 84 a practical scheme began to evolve. 
As discussed in Section 2.2.3, this receiver was light enough to be 
suspended by a headband which held it tightly to the ear. The head- 
band, originally of the double type, was simplified as time went on 
and by 1920 a very lightweight wire device was emploved. 

At first the Richards head receiver was used with a suspended or 
bracket-mounted transmitter as shown in Figs. 3-83c and 3-83d, but in 

r As discussed in Section 3.1. 
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1900 the No. 234 breastplate transmitter (Fig. 3-83e) was introduced 
and, combined with the new No. 128 receiver standardized the same 
year, produced for the first time an operator set meeting the basic 
requirements. It continued in use with some modifications and improve- 
ments for the next 40 years. Its 1900 form is illustrated in Fig. 
3-83f, and a simplified form introduced about 1920 (with the No. 
528 receiver) is shown in Fig. 3-83g. This set had many features which 
contributed to its long use. From a technical standpoint it was highly 
satisfactory since it was based primarily on instrument designs similar 
to those manufactured in large numbers for subscribers. It was easily 
adjusted by means of a mouthpiece with ball and socket joint and a 
neckband of adjustable length. It was well liked by the operators 
since it was light in weight (less than 1 pound total ) and easy to 
keep hygienic since the neck straps were readily and inexpensively 
replaced and the mouthpiece was removable for washing. 88 

8.2 Sets for Linemen and Craftsmen 

During'the construction and maintenance of telephone plant, crafts- 
men frequently had need to talk to, and conduct tests with, the wire 
chief or other supervisory people in the central office. 

To meet this need, particularly in the case of outside-plant workers, 
two general types of lineman's sets were designed in the 1889 to 1910 
period. For use on lines with local-battery service, the sets illustrated in 
Fig. 3-84 were developed. Each was a complete telephone with receiver, 
transmitter, hand generator, and a buzzer that responded to incoming 
calls. A small local battery with a push-to-talk button was provided. 
For use on common-battery lines, a handset, mentioned earlier and 
illustrated in Fig. 3-57, was designed. Since neither battery nor the 
ringing generator was needed, this set comprised only a carbon 
transmitter and a receiver mounted on an aluminum handle and 
wired in series. Because its use was restricted to trained telephone 
company personnel and to relatively short connections, it did not 
need to meet the requirements of commercial customer equipment. 

The wire chief used standard instruments of the type designed 
for operators. Since he had to be free to leave his desk, the suspended 
transmitter of the type shown in Fig. 3-83c was used at the wire 
chief's position long after it was superseded by the breastplate trans- 
mitter for operators. This arrangement, particularly with the receiver 
and headband of Fig. 3-83g, provided a flexible setup since the small 


88 To further promote hygiene, each operator was assigned a telephone set which she 
alone used. 





Fig. 3-83. Operator's telephones of 1881-1925 
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receiver could be hand-held for short conversations or head-supported 
for a long series of tests. 

The central- office craftsman originally used much the same equip- 
ment as the lineman but by 1912 the frame room had become quite 
large in some buildings. In order to provide greater flexibility for 
craftsmen, the loudspeaker systems mentioned in Chapter 4 (Section 
4.3.1) were developed for communication with the wire chief. 

8.3 Special-Purpose Telephones 

There was an obvious need for various kinds of telephone com- 
munication not provided by the commercial network. A number of 
these needs were met by developing station sets to meet special 
service requirements. Intercom sets, already mentioned, are an example 
of a service originally separated from but later integrated with the 
commercial network. Other services with special requirements remained 
independent of the network but were able to take advantage of the 
technology developed for commercial telephony. 

Telephone sets encased in iron boxes, designed to be mounted in 
outdoor locations on poles and buildings, were provided early in the 
twentieth century. Two such designs are shown in Fig. 3-85. Item (a) 
was produced in 1903 for street railway systems and item (b) was a 
policeman's call set of the same period. 

Special telephones were also produced for use in mines where 
dampness and explosive gases were prevalent. An early design, of 
about 1892, is shown in Fig. 3-86a. The sealed box contained both 
the transmitter and the receiver with voice access through speaking 
tubes of rubber. All metal parts were lead plated to prevent rusting. 
In the 1910 version shown in Fig. 3-86b, all parts with electrical 
contacts were enclosed to isolate sparks and all metal parts were 
finished with japan or lacquer to protect against moisture damage. 

Equipment to provide communication between divers and their 
tenders was supplied as early as 1892. 

Telephone sets to meet the special needs of the military were 
produced beginning about 1900, including the handsets mentioned in 
Section 6.3. During World War I other special communication systems, 
including the necessary station apparatus, were designed for the 
military. Some of the more interesting were shipboard systems and 
means for communicating with captive balloons and airplanes. The 
U. S. Navy began the extensive use of shipboard telephones about 
1909 when the "Great White Fleet" made its round-the-world cruise. 
By 1916, large ships were equipped with two extensive telephone 
systems, one for operational use and the other for fire control (see 
Fig. 3-87). Both of these systems involved unusual problems in pro- 
tecting the equipment from moisture and physical damage during 


176 


Engineering and Science in the Bell System 


battle conditions. The development of ship-to-ship and other wireless 
communication systems is covered in Section 4.1 of Chapter 5. One 
of the interesting problems of airborne systems involved the develop- 
ment of transmitters and receivers (the latter built into aviators' 
helmets) for use in the presence of the airplane's high ambient noise. 



Fig. 3-84. Lineman's test sets: (a) 1889; (b) 1905. 
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Fig. 3-85. Telephone sets encased in iron boxes for outdoor use. (a) Pole-mounted 
telephone set for street railway maintenance personnel, (b) Pole-mounted telephone set 
for police. 
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A by-product of the airplane system was telephonic communication 
between the pilot and his passengers. Previously communication had 
been accomplished by hand signals. 

Thus, by the end of World War I, telephone sets had been designed 
for indoor and outdoor use on the earth, for use below the earth's 
surface, and in the air above. 

8.4 High-Quality Electroacoustic Converters 

The development of high-quality telephone instruments is a par- 
ticularly interesting illustration of the research and development process. 
These instruments did not evolve directly, as might be expected, 
from the flow of technology which produced commercial telephone 
transmitters and receivers. Instead, their development drew largely 
on rather remote supporting technology which had been developed 
for quite different purposes. To complete the illustration of the 
serendipitous growth of technology, it turned out that these instruments, 
designed to meet a particular objective, found a much broader 
application in fields unthought of when their development was begun. 



Fig. 3-86. Telephone sets for use in mines: 
(a) 1892 design; (b) 1910 design. 
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Fig. 3-87. Ship service telephone on board U.S.S. Arizona. 


It will be recalled that in the early years of telephony, when the 
telephone transmitter was the only source of amplification, the most 
effective telephone instrument was one which provided high efficiency 
for a rather narrow band of frequencies centered at about 1,000 
hertz. The speech from such instruments was highly distorted but 
still reasonably intelligible and the high efficiency attained by using a 
resonant structure which concentrated the energy in a narrow band 
was responsible for achieving transmission over distances which would 
have been completely unattainable if the speech energy was distributed 
over a wider frequency range. It was obvious that this situation 
would change as line amplification became available. Transmitters and 
receivers would no longer have to be designed to achieve maximum 
transmission distance. Instead, it would be possible to improve the 
ease and quality of communication by producing relatively uniform 
electroacoustic conversion over a wider band of frequencies. Useful 
designs of higher-quality instruments could have been developed by 
an extension of the experimental process which had already produced 
the reliable transmitters and receivers of the early twentieth century. 
But some of the technical leaders in the Bell System, such as H. D. 
Arnold and I. B. Crandall, saw the shortcomings of such methods 
and the advantage of developing a broadly based theoretical approach 
to acoustical design. Accordingly, they originated, shortly before 1915, 
a comprehensive study of the speech and hearing process to provide 
the necessary technical foundation. This work and its unique con- 
tribution to the art of acoustics will be covered elsewhere in this 
history. Of significance here is that such a study required highly 
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sophisticated instrumentation including transmitters and receivers of 
great stability having a frequency response uniform over a band of 
frequencies far beyond anything needed for telephone speech. With 
such instruments, and appropriate equipment for measuring and 
generating electrical tones, it would be possible to explore the amplitude- 
frequency characteristics of speech and acoustic noise and also deter- 
mine the sensitivity of the hearing process. The instruments, together 
with suitable connecting circuitry, would provide an optimum telephone 
transmission circuit against which other transmission paths could be 
compared and, by inserting transmission degradation in this path, 
the effects of noise and distortion on speech transmission could be 
evaluated. 89 Obviously, the key to this whole plan was the develop- 
ment of suitable high-quality transmitters and receivers. 

8.4.1 Transmitters 

The microphonic principle which formed the basis for all commer- 
cial transmitters was completely unsuitable for constructing the 
high-quality instruments needed for basic acoustic studies. These 
instruments lacked the necessary stability and also produced more 
harmonic distortion than permissible. In addition, the carbon button 
affected the motion of the diaphragm in a way that was difficult to 
predict with exactitude because of carbon packing. Instead, E. C. 
Wente, to whom the development problem was assigned, selected the 
condenser (capacitor) principle which had been discovered as early as 
1870. At that time Varley had noted that a condenser could emit sound 
(due to movement of the plates) when an electromotive force was 
applied. Proposals for using this principle in the construction of a 
"telephone" were made shortly after Bell's invention by Edison, Du 
Marcel, Dolbear, and others. 90 These proposals covered primarily the 
receiver application but, since it was a reciprocal device, it could also 
be used as a transmitter because sound impinging on a condenser 
plate would vary capacitance and this variation could be used to 
generate an electromotive force. 

While the simplicity of the concept was attractive, the condenser 
transmitter was so high in impedance and so low in efficiency, 
compared to the carbon microphone, that it was of no practical use 


89 In essence, this was the philosophical basis for the Master Transmission Reference 
System developed about 1928 and discussed in Section 5.1.1 of Chapter 4. 

90 Edison seems to have priority with two designs for condenser-type telephones 
which he tried in 1877. Apparently he did not follow up on these proposals. About 
1881-82, Professor A. E. Dolbear strongly advocated the use of a condenser-type 
receiver and while it appeared to have certain advantages it could not, in fact, compete 
with electromagnetic devices, which were more efficient and more suitable because of 
their lower impedance, for use with available transmission systems. 
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during the 45 years after Varley discovered the principle. By 1915, 
Wente had two new tools which he could use. First was the de Forest 
audion. Although originally used as a radio detector, the improve- 
ments made by Arnold and others had turned it into a practical 
amplifier capable of solving the line repeater problem. Advances in 
tube construction and circuitry had come along so rapidly that Wente 
was convinced that electronic amplifiers could be used to convert the 
condenser-microphone voltage and impedance to the extent required 
for practical application. 91 The other tool was the new theory growing out 
of G. A. Campbell's work on loading, wave filters, and other electrical 
networks. Crandall, Wegel, Wente, and others began applying this 
theory to electroacoustic systems and showed how electrical networks 
could be devised that were the exact analog of vibrating systems and 
thus electroacoustic converters could be represented as electrical 
systems the performance of which could be computed by means of 
electrical network theory. Thus the characteristics of the transmitter 
could be computed in advance and the pertinent parameters varied to 
give the desired overall frequency response. 92 

The Wente condenser microphone of 1917 is shown in cross section 
in Fig. 3-88. It consisted essentially of two parallel plates insulated 

91 The technically inclined reader may be interested in a more detailed discussion 
of the problems involved in the practical application of the condenser principle. 
The device was not only far less sensitive than the familiar carbon transmitter but 
was also somewhat less sensitive than electromagnetic devices. However, for the acoustic 
levels of interest the output could be amplified to adequate levels by electronic 
amplifiers if the input could be kept reasonably free from noise arising either in the 
amplifier circuitry or through coupling, to outside sources. Perhaps more serious than 
low sensitivity was the high and frequency-dependent impedance of the device. Since 
the transmitter was nothing but a small capacitor, the impedance was reactive, being 
very high at low frequencies and decreasing in an inverse manner with frequency (a 
typical commercial transmitter, the 394, varied from about 20 megohms at 25 hertz 
to 0.1 megohm at 5,000 hertz). The high impedance meant that even short lengths 
of cabling would introduce high loss and noise from crosstalk. The variable impedance 
meant that the transmitter voltage, which was reasonably independent of frequency, 
would be badly distorted unless it worked into an impedance many times higher 
than the microphone impedance. These problems would have been insoluble without 
the vacuum tube amplifier. The input impedance of these devices was inherently 
high and by placing a shielded first stage (preamplifier) close to the microphone 
the high-impedance wiring could be kept short and noice pick-up made negligible. 
This all sounds easy today but in the twenties there was little experience in producing 
quiet amplifiers with high and stable input impedances. Even the production of reliable 
high-value resistors was without precedent and the two 50-megohm resistors required 
in each preamplifier were, after much investigation, made by filling glass tubes with 
a mixture of Xylene and alcohol, contact with the mixture being made by platinum 
wires sealed into the ends of the containers. It was also necessary to use batteries to 
supply the transmitter bias and the plate and filament supplies of the preamplifier since 
other practical, low-noise power sources were not available. 

92 These two tools, the electron tube and electrical network theory, mentioned 
briefly above, are discussed in more depth elsewhere in this history in connection 
with subjects to which they are more directly related. See particularly Chapters 4 and 
5 which not only provide more background on their origin and development but 
also cover their revolutionary effect on the evolution of wire and radio transmission. 
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Fig. 3-88. The Wente condenser microphone of 1917. 


from each other. One plate was fixed and the other, a diaphragm of 
thin sheet steel, was movable under the action of the alternating 
pressure of a sound wave. These plates were connected in series with 
a resistor and a battery; as the capacitance varied, the current flowing 
in the circuit also varied so that a varying potential was produced 
across the resistor which was proportional to the undulations of 
pressure in the sound wave. Distortion in the frequency range of 
interest was avoided by stretching the diaphragm so that its resonant 
period was at about 17,000 hertz. Such distortion also was avoided by 
the damping action of the thin film of air between the two plates. The 
design was improved by Crandall in 1918 by using a slotted back plate 
which increased the damping at the lower frequencies permitting the 
reduction of the resonant frequency and consequently increasing 
efficiency below this point. Research instruments built by Wente 
using this principle had a resonant period of about 10,000 hertz and an 
approximately uniform response with frequency from 20 hertz to 8,000 
hertz. 93 They produced an open-circuit voltage of about 0.3 millivolt 
for a pressure of 1 dyne per square centimeter. 94 Commercial transmitters 
developed in the late twenties were 20 dB more sensitive. 

In order to provide a useful output, a multistage amplifier was 
associated with the condenser microphone, the potential variation 
across the resistor in the microphone circuit being applied to the grid 
of the first stage. In one interesting application, where the transmitter 
was used in making oscillographic recordings of speech sounds, the 


93 The shape of the response in practical applications was, at the extreme fre- 
quencies, considerably influenced by the amplifiers used with the microphone. 

84 In the circuit used, the open-circuit voltage was essentially the operating voltage. 
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amplifier consisted of seven resistance-coupled stages having a voltage 
gain of 40,000 (over 90 dB). In this case the last stage consisted of eight 
vacuum tubes in parallel and served as a current transformer to drive 
the low-impedence oscillograph without the use of coil transformers 
which would have introduced a low-frequency cutoff. 

Another interesting research application was the use of a probe, or 
search, tube, about six inches long and of one-quarter-inch or less 
diameter open at one end and coupled to the condenser transmitter at 
the other. The open end of the tube could be used to explore pressures 
in small chambers at frequencies up to about 25 kHz since the small 
size caused negligible wave distortion. The transfer of pressure to the 
microphone was affected by longitudinal resonances in the tube and 
consequently the response was not flat with frequency. As a result, the 
system had to be calibrated and used on a single-frequency basis. 

Although developed primarily for research, the condenser transmit- 
ter found many other applications. Its development was completed 
just as public-address and radio broadcasting systems began to evolve, 
as will be related in Chapters 4 and 5, and for a number of years it was 
widely used commercially where the very best quality of speech 
transmission was required. The microphone developed for this 
purpose about 1928 was coded No. 394 and was associated with the 
No. 47 A preamplifier, as shown in Fig. 3-89a. The amplifier was a 
single-tube device, shown schematically in Fig. 3-89b, which provided 
the 200-volt bias for the microphone and converted the 50-megohm 
grid input impedance to a low output impedance (50 or 200 ohms) for 
use with local cabling without undue loss or distortion. Later a small- 
diameter microphone and reduced-size amplifier were developed. 

8.4.2 Receivers 

Initially, high-quality receivers were obtained by modifying the 
bipolar telephone structure to provide greater stability under tempera- 
ture variations and to damp out the resonant peaks. The former was 
accomplished by means of a diaphragm clamping ring having the 
same temperature coefficient of expansion as the diaphragm. Damping 
was provided by a loose pile of thin paper rings, treated to exclude 
moisture, behind the diaphragm. The air layers between the paper 
leaves and between the topmost leaf and diaphragm damped out most 
of the resonant peak. 95 

The response of these receivers was substantially uniform with fre- 
quency over a range of 20 to 4,000 hertz. These instruments, because of 
the damping, were far less efficient than commercial receivers but with 

95 A pile-up of paper rings was later used in handset transmitters to provide a 
loose but damped diaphragm support. 
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Fig. 3-89. Commercial condenser microphone (circa 1928). (a) Transmitter/amplifier 
assembly, (b) Schematic diagram of the No. 47A amplifier. (Diagram redrawn from 
Curl 1928, Fig. 1) 

amplification they were suitable for limited speech testing in labora- 
tories. When calibrated in terms of pressure output per unit current 
and driven by a suitable oscillator, they also could be used to supply 
known pressure levels to the ear and thus explore ear sensitivity. 

These early receivers were too limited in high frequency response to 
cover the full range of speech sounds and fell far short of the spectral 
capabilities of the normal ear. This situation was corrected by an 
improved receiver developed by A. L. Thuras and E. C. Wente in the 
late 1920s . Again, the principle used was an old one, proposed as early 
as December 14, 1877, by Siemens and Halske. 96 But, as with the 
condenser transmitter, the old idea was made practical by modem 
techniques. The basic scheme is illustrated by the cross-sectional view 
of the receiver shown in Fig. 3-90. The diaphragm is dome-shaped to 
provide rigidity and is flexibly supported at the edges so that it can 
move more or less as a piston. Attached to this is a self-supporting 
coil, as shown in detail in Fig. 3-91, wound of aluminum ribbon held 
together and insulated by a film of lacquer. The coil is centered in the 
annular space between the pole pieces of the strong permanent magnet 
forming the shell of the receiver. In contrast to the bipolar structure 
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96 German Patent No. 2355. 
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Fig. 3-90. Moving-coil head receiver. (Redrawn from Wente and Thuras 1931, Fig. 4) 


used in commercial receivers, no biasing force is employed and an 
alternating voltage applied to the coil causes it to be displaced in 
either direction from the at-rest position depending on polarity and 
magnitude. Due to the absence of bias, the second harmonic of the 
applied voltage is not present; thus the main distortion present in 
commercial receivers is eliminated. Using network analysis 
techniques, the mass and stiffness of the diaphragm, together with the 
acoustical impedances of the various air chambers and passages, were 
proportioned to give a reasonably flat frequency response up to about 
9 kHz as shown in Fig. 3-92. These responses were measured on a 
closed coupler and are a measure of the capabilities of the mechanism. 



Fig. 3-91. Receiver driving coil. (Redrawn from Wente and Thuras 1928, Fig. 4) 
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Fig. 3-92. Response of moving-coil receiver. (Redrawn from Wente and Thuras 
1931, Fig. 6) 


When used on the human ear, the lower-frequency response is 
affected by ear characteristics and particularly the leakage path 
between the ear and the receiver cap. The difference between the 
observed' and computed curves shown in the figure is probably due to 
the fact that some of the quantities used in the calculations are not 
strictly constant up to the higher frequencies where the diameter of 
the diaphragm becomes comparable to the wavelength of sound. 

One of the first telephone applications of these receivers was in the 
1928 Master Transmission Reference System discussed in Chapter 4 
(Section 5.1.1) but the moving-coil principle had been used in 
loudspeakers designed by Wente a few years earlier. 97 

8.4.3 Non-Telephone Transducers 

By the late 1920s a substantial demand was developing for 
high-quality instruments for non-telephone applications such as 
broadcasting and talking movies. These outgrowths of the telephone 
are discussed in considerable detail in other parts of this history but a 
brief review of the instrument development will be appropriate to 
show the manner in which it evolved from telephone and speech 
research techniques. 

Broadcasting to large audiences began with the public-address 
systems of the 1910-1920 period. At the beginning, vacuum tube 
amplification was not available and transmitter and loudspeaker 
developments were aimed at achieving the maximum practical sound 
output. Transmitters were of the carbon type designed to modulate 


97 Wente had applied for a moving-coil loudspeaker patent in August 1926 and No. 
1,707,545 was issued April 2, 1929. The receiver patent. No. 1,766,473, was filed in 
1928 and issued June 24, 1930. 
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large amounts of direct-current power. Water cooling and the use of 
double buttons were two of the techniques employed and were logical 
extensions of the existing telephonic transmitter. Loudspeakers also 
used basically telephone-type transducers with horns added to 
provide a better impedance match with free space and thus achieve 
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more efficient electroacoustic conversion. 

About 1917-18 the electronic amplifier brought about major 
changes. The development of the high-quality condenser transmitter 
has already been related and highly practical models such as the 
394-type were available when radio broadcasting and talking pictures 
brought the need for stable and reliable high-quality microphones. 
Although these instruments were widely used wherever the highest 
quality of reproduction was required, there was also a need for a 
simpler, more efficient device for those applications where some 
reduction in frequency band and stability could be tolerated. This 
need was filled in 1921 by a carbon transmitter developed by W. C. 
Jones. This transmitter, shown in Fig. 3-93, used a stretched, 
air-damped diaphragm with a carbon button on each side, the two 
buttons being connected in a push-pull arrangement with an as- 
sociated split-winding transformer so as to reduce the production of 
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Fig. 3-93. No. 387 double-button, high-quality carbon microphone. 
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even-order harmonics. 98 Thus, this transmitter combined the tech- 
niques of the commercial telephone transmitter and the theoretical 
design methods underlying the condenser transmitter. This carbon 
transmitter, which was coded the No. 387 type, was suitable for many 
radio broadcast applications and efficient enough to reduce the 
required amplification by some three or four stages. 

The development of loudspeakers also was influenced by electronic 
amplifiers since they could produce sufficient power to drive a 
broadband speaker at adequate acoustic levels. In 1918, as high-power 
amplifiers became available, a new type of converter using the 
balanced- armature principle was developed. This device, illustrated 
schematically in Fig. 3-94a, had a pivoted armature, AA, within a 
driving coil, h, mounted between the poles of a permanent magnet in 
such a way that the magnetic forces on the armature were in balance 
until the coil was energized. Since the armature was not permanently 
biased, it was free from second-order distortion. This structure could 
also be built to produce large excursions of the diaphragm and thus 
handle several watts of acoustic power in loudspeakers designed for 
reasonably flat frequency responses. The basic idea was not new. 
Thomas Watson had applied for a patent on a balanced-armature 
telephone in 1880 99 and Siemens, among others, had previously used 
pivoted- armature devices. During the early part of the twentieth 
century the balanced- armature principle received limited use in the 
construction of very efficient head receivers much favored by radio 
amateurs. In 1918, Henry Egerton of Western Electric devised a highly 
rugged balanced- armature unit capable of handling enough power for 
driving a loudspeaker. 100 The first application of this unit was in a 
horn-type speaker but in 1924 it was used in a new, cone-type 
structure based on developments by Ricker and Wegel. 101 This device, 
known as the No. 540AW loud-speaking telephone and illustrated in 
Fig. 3-94b, was widely used with home broadcast receivers and as a 
monitor in broadcast control rooms. Because of the 18-inch conical 


98 A double-button microphone had been constructed in 1910 in connection with 
early work on public-address systems. At that time the objective was to obtain in- 
creased power output, rather than high quality, since electron tube amplification was 
not yet available. 

99 U. S. Patent No. 266,567 was granted to him on October 24, 1882. His device 
differed from that shown in Fig. 3-94a in that the driving coil was wound on the 
armature instead of having a light armature moving within a fixed coil. This latter 
scheme was invested by Frank Capps in 1890. 

100 H. Egerton; U. S. Patent No. 1,365,898; filed January 8, 1918; issued January 
18, 1921. 

101 N. H. Ricker; U. S. Patent No. 1,859,892; filed October 6, 1922; issued May 24, 
1932. R. L. Wegel; U. S. Patent No. 1,926,882; filed October 17, 1929; issued 
September 12, 1933. 
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(b) 


Fig. 3-94. (a) Schematic diagram of balanced-armature driving unit used in early 

horn and cone loudspeakers, (b) Front and side views of No. 540AW loud-speaking 
telephone. (Diagram redrawn from Hunt 1954, Fig. 7.1c; photos from Western Electric 
Bulletin T-750 of 1924) 

diaphragm, matched to a similar conical support, this loudspeaker 
radiated frequencies much lower than obtainable with horns of reason- 
able size. In addition, its compactness and freedom from directivity 
made it ideal for home use and it was largely responsible for educating 
the broadcast audience to the benefits of higher-quality broadcasting. 
A few years later a 36-inch speaker known as the 548-type was introduced 
to provide even better low-frequency reproduction. 


Station Apparatus 


189 


The cones and the horns using the balanced-armature driver met the 
needs of the public-address and broadcast audience but with the 
introduction of talking motion pictures in 1926 it became apparent that 
it would be necessary to fill large auditoriums with sound covering an 
extremely large range of frequencies. 

It was this need that started Wente on a new approach which 
ushered in the "moving coil" era of electroacoustic converters. The 
moving-coil principle has already been described in connection with 
high-quality receivers (Section 8.4.2) but it was first employed in 1926 
in a high-power speaker, the 555-type, which had a flat response from 
about 60 hertz to well over 5,000 hertz (the response was down only 10 
dB at about 7,500 hertz). The network analysis technique that had 
proved so useful in designing condenser transmitters was again used 
in designing this speaker. 

About 1930 an electromagnetic transmitter, coded the No. 618 and 
illustrated in Fig. 3-95, was developed using the same moving-coil 
principle employed in the receiver and loudspeaker discussed pre- 
viously. This device was more stable than the carbon transmitter, had 
a wider frequency range than the No. 394 condenser transmitter, and 
was some 10 dB more efficient. Its output impedance was about 10 ohms. 

Thus, by 1930 the moving-coil principle had been applied to 
microphones, loudspeakers, and research-type telephone receivers. 
The basic idea, together with a piston-type diaphragm with tangential 
corrugation invented by H. C. Harrison in 1926, 102 are still widely used 
today in electroacoustic converters. While the same basic mechanism 

102 H. C. Harrison; U. S. Patent No. 1,734,624; filed April 16, 1926; issued November 
5, 1929. 



Fig. 3-95. No. 618 A moving-coil microphone. 
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is used for receivers, microphones, and loudspeakers, it should be 
appreciated that the design requirements and the acoustic constraints 
varied greatly with application. As a consequence, each proved to be a 
different design problem but all responded to the newly devised 
technique of applying network theory to electrical analogs of elec- 
troacoustic systems. Thus we see that this new design technique, 
together with the use of the vacuum tube, not only produced research 
tools essential to the better understanding of the telephone problems 
but also provided devices needed for applications not dreamed of 
when the research was started. 

IX. SUMMARY 

During the first 50 years of telephony, station apparatus had evolved 
from a crude assembly of available components, capable of use over only 
short distances, to highly developed instruments meeting the needs 
of transcontinental telephony. Even though large advances had 
occurred during this period, the year 1925 was less significant as 
concluding a period of station improvement than it was as marking a 
major transition point in station design. Up to this time, telephone 
instruments still consisted of deskstands and wall sets designed largely 
on the basis of invention and experiment supplemented to some 
extent by the laboratory measuring techniques which had come into 
common use in the preceding ten years. But large changes were about 
to take place and telephone engineers had been preparing for them for 
a number of years. The design of the stations in use in 1925 had been 
greatly influenced by constraints imposed by the state of the art in the 
transmission, switching, and signaling fields. For many years trans- 
mitter and receiver design had been directed almost entirely toward 
achieving the highly efficient but distorted form of speech transmis- 
sion that was most effective in counteracting the inevitable attenuation 
of electric waves which occurred as the lines were extended. But 
during this period important developments were occurring in other 
parts of the telephone system, as will be related in subsequent 
chapters. These developments were gradually removing the con- 
straints on station design, and this freedom made it possible to apply 

in 1925 the advances in theory and field evaluation which had taken 
place in the preceding ten years. As the first 50 years of telephone 
technology concluded, these methods were already being used to 
design a handset meeting performance requirements specified in 
advance. This handset, introduced in 1927, and the anti-sidetone set 
introduced shortly thereafter, marked the beginning of the application 
of theoretical and field evaluation techniques. Such work has been the 
basis for the many telephone station improvements which have played 
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such a large part in achieving the ease of communication characteristic 
of today's telephony. 

As a conclusion to this chapter and a preliminary to those which 
follow, we might point out that there was a pattern in technological 
evolution that was followed to a considerable extent in the early 
development of all parts of the telephone system. The development of 
station apparatus provides a particularly good illustration of this 
pattern but the perceptive reader also will see analogies in the 
evolution of transmission, switching, and signaling systems. 

There are five rather clearly marked phases in this pattern. First, of 
course, comes invention, the discovery through intuition, observation, 
and alert perception of significant new principles. The first ten-year 
period of station development was a very fruitful time for invention. 
Bell propounded the idea of analog conversion between acoustic and 
electric waves and had envisioned both the electromagnetic and the 
powerful variable-resistance conversion principles. He had also de- 
vised means for implementing the principles. Watson in 1878 had 
devised the polarized ringer and adapted the magneto to actuate it. As 
early as 1877 the receiver- operated switchhook was invented and the 
use of an induction coil in the station set was proposed. All this early 
work stimulated other inventions and there were soon many proposed 
designs for microphonic transmitters, culminating in 1886 in Edison's 
proposal to use granules of carbonized anthracite coal. 

The original implementation of most inventions is usually rather 
crude and is followed by the second stage in technological evolution, 
an era of experimentation during which improvements conceived on 
an intuitive basis are gradually evaluated and improved through a 
trail- and- error process. Naturally the age of improvement overlaps the 
period of basic invention but it would be fair to say that the second ten 
years of telephony was particularly productive in this field since 
during this time the technique was used for selecting the most 
effective frequency response, for devising a practical (solid-back) 
granular-carbon transmitter, and for finding various ways to improve 
the efficiency of receivers and station circuitry. Experiment continued 
to play a leading role in achieving improved performance and better 
manufacturing techniques until about 1910 or 1915. 

The development of laboratory measuring methods was the third 
stage in evolving technology. Until then the effectiveness of experi- 
ments had been severely limited by the difficulty of measuring the 
results of change. Much depended upon judgment and personal 
opinion. About 1910, or shortly thereafter, a scheme was introduced 
for subjectively measuring performance. But the application of the 
vacuum tube, beginning about 1915, revolutionized the art of design 
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by providing a means for objectively measuring detailed performance 
characteristics of instruments such as the input- output relation, noise 
pickup of transmitters, frequency response, and so forth. From this 
time on it became possible to use a scientific approach to the design, 
based on objective measures rather than personal opinion. Experi- 
ments could at last be evaluated on a quantitative basis. 

This set the stage for the fourth phase, the theoretical approach to 
design. This involved two matters: (?) theory for predicting perform- 
ance from a knowledge of physical characteristics, and (//) a knowl- 
edge of the requirements (electrical characteristics, etc.) to give 
different grades of performance. Together, these two kinds of 
knowledge changed the whole design approach. Without theoretical 
methods, design is a matter of invention and intuition leading to a 
multitude of experiments aimed at empirically selecting the best 
design that has been derived by this largely chance procedure. With 
sound theoretical knowledge, instruments could, within limits, be 
designed to meet specific performance requirements. Search for this 
type of knowledge was begun on a broad scale about 1915. The 
development of analytic methods was greatly facilitated by prior 
developments in the transmission art by G. A. Campbell 103 and others. 
Johnson and Shea adapted this work to the design of station circuitry 
and other networks, and it was further extended to electroacoustic 
systems, as discussed in Section 8.4.1, by Crandall and others. 104 
Understanding of design requirements came from research into speech 
and hearing conducted by Fletcher and his associates. 105 

With this material available, design for performance became pos- 
sible. The basic work was accomplished largely in the second and third 
decades of the twentieth century and much of it was ready by 1925 and 
was put to use in the design of high-quality instruments, the first 
practical handset, and other large improvements in telephone instru- 
ments which followed. 

A final important step in the development of telephone instruments 
came when techniques were devised for their field evaluation. The 
theoretical approach provided a basis for designing telephone instru- 
ments meeting specified physical characteristics and laboratory 
measuring techniques could be used to confirm theoretical predic- 
tions. But the overall performance of a telephone system depends on 
complex human reactions which are not easily predicted from theory. 

103 For example, his articles on "Cissoidal Oscillations," In Proceedings of AIEE, 
April 25, 1911, and "Physical Theory of Electric Wave Filters," in Bell System Tech- 
nical journal, November 1922. 

104 Transmission Circuits for Telephonic Communication, by. K. S. Johnson (1924); 
Transmission Networks and V^ave Filters, by T. E. Shea (1929); Theory of Vibrating Systems 
and Sound, by I. B. Crandall (1926). 

105 Speech and Hearing, by H. Fletcher (1929). 
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As an example, there was no theoretical basis for estimating the extent 
to which a reduction in loudness, resulting from a flatter response 
characteristic, would be compensated for by the more natural- 
sounding speech. The articulation tests proposed by Campbell in 
1910 106 and developed by Fletcher gave one means for deriving an 
overall performance figure but left unanswered questions of customer 
usage such as the effect of sidetone on talker volume. In the 1920s, W. 
H. Martin and others had evolved techniques for field testing on 
telephone users (employees of the American Telephone and Telegraph 
Company and Bell Telephone Laboratories) involving a vacuum tube 
device for measuring speech levels and repetition counts as an overall 
means for evaluating transmission. Shortly thereafter, McKown and 
Emling evolved a system for rating transmission of overall connections 
and their component parts based on the field testing concept 
supplemented by articulation and other laboratory techniques. This 
rating technique provided the telephone engineer with quantitative 
measures of the many changes being made in the telephone station 
and did much to encourage their adoption by operating companies. 

Invention is, of course, the starting point for most great technical 
advances and it continued to play an important role throughout the 
history of telephony. However, after the first part of the twentieth 
century, the pattern of its reduction to practice was altered. Once 
scientific methods had become available in the field of telephony, and 
their power demonstrated, they played an increasing part in com- 
munication development. The use of objective measurement, analysis, 
and field evaluation reduced the reliance on empiricism, stimulated 
invention, and expedited the application of new concepts. 

Thus by 1925 there had evolved a sophisticated approach to the 
development and application of telephone technology. 


106 See Chapter 4, Section 5.1.2. 
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Chapter 4 

Telephone Transmission — 

The Wire Plant 


In this chapter we chronicle the advances made in transmission of speech 
by wire during a period covering five decades, a period during which the 
barriers of cost and distance yielded to new insights, inventions, and or- 
ganized engineering development. For more than 20 years practitioners of 
the telephone art, laboring with the earthiest problems of line construction 
and maintenance, understood little of the fundamental character of the 
signals passing over their wires or the mechanism of propagation. But by the 
turn of the century standardized types of wire facilities for telephony had 
evolved and analysis and measurement were penetrating much of the earlier 
obscurity. Thus the foundations were laid for the vast improvements in 
transmission quality and efficiency needed for the countrywide growth of 
telephony. By 1925 the distance barrier had been surmounted and the basic 
techniques were ready for developing the greatly improved quality of trans- 
mission and the enormous economies of scale which were to characterize 
the later years. 

I. INTRODUCTION 

This is the first of two chapters dealing with the transmission facilities 
used to convey the electric analogs of speech between telephone stations. 
It deals with wire transmission plant, i.e., those circuits employing 
physical conductors. These were the only practical kinds of transmission 
paths available for communication until the twentieth century at which 
time wireless (radio) means slowly became available and were used to 
supplement the wire plant. The evolution of these systems is covered 
in Chapter 5. 

Wire communication circuits had been in use for transmitting tele- 
graph and other signals for many years before the invention of the 
telephone and similar facilities were at first used for telephony, the 
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pioneers of telephony concentrating most of their effort on improving the 
telephone instrument. This was the logical approach for the first few 
years when lines were short and the shortcomings of the instruments 
tended to obscure the impairments of transmission caused by the lines. 
However, it was soon discovered that the transmission of weak tele- 
phone waves was quite a different matter from the transmission of tele- 
graph signals, and the manner in which these new requirements were 
met is the main subject of this chapter. 

II. EVOLUTION OF THE WIRE TRANSMISSION PLANT 

From the beginning, the developers of telephony faced very formidable 
transmission problems, both electrical and physical in nature. Often the 
two types of problem appeared to require incompatible solutions. As a 
consequence, much of the work in transmission has been, and continues 
to be, concerned with the development of workable compromises be- 
tween conflicting electrical and physical requirements. 

2.1 Basic Problems 

Electrically, it was necessary to transmit the speech waves to a distance 
with adequate magnitude to be heard by the listener, sufficiently free 
from distortion to be understandable, and with unobjectionable amounts 
of interference from extraneous sources of sound. These were the 
early, basic problems; but as they were solved, others came to the fore- 
front such as stability and speed of propagation. 

Physically, it was necessary to provide conductors and structures 
strong enough to stand up against wind and sleet. As the demand for 
circuits increased, it became necessary to decrease the bulk by consoli- 
dating the conductors into cables and ultimately to place them under- 
ground to avoid the unsightliness and vulnerability of overhead con- 
struction. Throughout, it had been necessary to meet these requirements 
at a cost low enough to make telephony attractive to a potentially in- 
creasing market. 

The physical problems were undoubtedly quite obvious from the 
outset and were the first solved, largely during the first 25 years and with 
little theoretical background. The electrical problems, while clear in a 
general way, required considerable development of theory because 
the complexities of telephone transmission first had to be understood. 
By the beginning of the twentieth century much of the theoretical 
groundwork had been laid and solutions to the electrical problems 
came along rapidly thereafter. 

The evolution of transmission theory and the development of the trans- 
mission plant, which went hand in hand over a period of many years, 
will be more clearly understood if we first briefly review, from our 
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Fig. 4-1. Electrical equivalent of telephone line. 


privileged position in the present, some of the characteristics of tele- 
phone transmission. With some simplification, a telephone line can be 
considered as a sequence of repetitive "H" structures, as shown in 
Fig. 4-1, with series elements consisting of resistance R and inductance 
L, and shunt elements consisting of capacitance C and leakage G. 

When an alternating voltage is impressed at one end of the line, part 
of the power is dissipated in heat by R and G , part is stored in L and C , and 
part is transmitted to the load at the far end. For each unit length of the 
line, the power transmitted to the load beyond is the same fraction of the 
power introduced. Thus power is attenuated exponentially in successive 
sections. As mentioned in Section I of Chapter 3, this type of attenuation 
relation led to the development of logarithmic attenuation units so that 
total attenuation is additive and directly proportional to line length or 
number of line segments for any given type of line. Several of these 
units of attenuation have been used over the years and their evolution 
will be covered in some detail in Section 5.1.1. However, in this history, 
unless noted to the contrary, we shall use the decibel (or dB) to de- 
scribe attenuation, amplification, or any ratio of two powers. 1 

When telephony began, there were a few theoreticians who had a 
rudimentary knowledge of the fundamentals of transmission as applied 
to telegraph practice. The exponential nature of attenuation was known 
or at least suspected by analogy with heat transmission, and the influence 
of R, L, C, and G was recognized even though the precise relationships 
would not be fully understood until Heaviside and others began de- 
veloping the basic transmission equations ten years later. But it was even 
longer before this information was expressed in terms useful to the tele- 
phone practitioner. 

Telegraphy involved the transmission of a series of impulses, and 
theoretical studies accordingly had been concerned largely with the tran- 


1 The dB difference between two powers, P t and P 2 , is defined as 10 logio P\IP 2 . The 
reader is referred to Section I of Chapter 3 for a brief discussion of some of the 
implications of this formula and its use for expressing attenuation (loss) and amplification 
(gain). 
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sient response of the system, that is, the retention in recognizable form of 
this series of pulses whose component frequencies were largely below 
about 30 hertz. Telephony, on the other hand, was characterized by a 
highly complex waveshape involving frequencies up to several thousand 
hertz. Transient analysis was not easy to apply to this type of wave, 
and it proved more satisfactory to develop new theoretical methods 
employing the "steady state" approach which considered the wave as a 
band of frequencies. 

The commonly used transmission medium for telegraphy was iron 
wire, suspended on poles, with ground return. For this structure, at such 
low frequencies, the attenuation was very small and transmission was 
possible over considerable distance even in the early days of the art. The 
concept of relaying (or repeating) was introduced at an early stage so that 
when in practice it was found that telegraph currents decayed below a 
useful magnitude, a relay was introduced along the path, at a point where 
the currents were still usable, to control a new, locally supplied, high 
current which could carry for a further distance until it too attenuated 
to the point where relaying was required. Thus, long-distance telegraphy 
was accomplished at a very early date. 

Telephony, on the other hand, required the transmission of fre- 
quencies 50 to 100 times as high as those used in telegraphy, and , as a 
consequence, the attenuation was many times greater. In addition, 
the problem of relaying or amplifying weak voice signals was not 



Fig. 4-2. Rooftop wire lines at Telephone Despatch Company, Boston. 



Fig. 4-3. West Street pole line in New York City, erected in 1887, with 90-foot poles, 
each carrying 25 crossarms and 250 wires. At some points the poles carried 30 crossarms 
and 300 wires. Picture taken at foot of Cortlandt Street. 


solved for nearly 40 years. These were the two overriding facts that 
retarded the evolution of long-distance telephone transmission up to 
about 1915. 

2.2 Open Wire Lines 

In the early days, following telegraph practice, telephone transmis- 
sion employed open wire lines, i.e., spaced wires with sufficient strength 
to be self-sustaining between infrequent supports. Initially, rooftop 
fixtures (Fig. 4-2) were used to support the wires, but as congestion 
increased it became the practice to use lines of poles. It was not until 
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February 25, 1891, however, that the first standard specification for pole 
lines was issued, calling for 40-foot poles of live cedar or chestnut. The 
minimum diameter at the butt was 17 inches for cedar and 12 inches for 
chestnut. Specifications in 1892 and early 1893 called for cedar only, 
since it was readily available, but by late 1893 the specifications again 
included the stronger but much heavier chestnut poles. Poles, however, 
could not always be limited in height to 40 feet. Figure 4-3 shows a pole 
line erected in New York City in 1887 using 90-foot poles. The early 
specifications called for pole spacing of 130 feet (40 per mile), which is 
still standard today for toll lines. 

At about the same time, 10-foot crossarms spaced 2 feet apart, 
carrying ten wires each, became standard. The wires on the crossarms 
were spaced 12 inches apart (except for those adjacent to the pole) as 
indicated at (a) of Fig. 4-4. In the 1930s it became desirable to use 
closer spacing between pairs of wires and the arrangements shown on 
the other arms were introduced. The only one which came into common 
use was the 8- wire scheme illustrated in (c) of the figure. Even with 
these new arrangements, the crossarm size and spacing established in 
the early 1890s was continued. 

Practically from the beginning, the wires were supported by, and 
secured to, glass insulators screwed onto threaded wooden pins project- 
ing above the roof brackets or crossarms. This was a technique devel- 
oped by the telegraph industry over a 40-year period of experimentation 
and was one of the few basic telegraph practices carried over into 
telephone line construction. 


(a) 

(b) 

(c) 

(d) 
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Fig. 4-4. Horizontal wire spacings used in Bell System at various times. (Babcock, 
Rentrop, and Thaeler 1955, Fig. 7) 
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Insulator development had been a long and somewhat controversial 
matter. In the early days of telegraphy various means had been used 
to support the wires, such as felt-lined grooves in the crossarm, grooved 
porcelain blocks, porcelain knobs projecting above or below the arms, 
etc. Some arrangements were roofed over to reduce the leakage from 
rain and snow. An almost endless variety had been invented 2 and in the 
process the requirements for insulator design had been clarified. Ulti- 
mately the glass knob above the pole proved preferable since it was 
reasonable in cost and had high insulation; though even with this type it 
was apparent from experience that there was a certain amount of conduc- 
tion over the surface of the glass when it was wet. To render these insula- 
tors more effective, the lower part was molded in the shape of a bell or 
skirt for protection against dirt and moisture and to provide a longer 
leakage path. Later an internal skirt or petticoat was added to provide a 
still longer path. 

With this long background of experience, it was natural to adopt the 
glass, telegraph-type, insulators for telephony, though a few technicians 
held out for other configurations. By 1890 a few types of glass insulators 
had been pretty well standardized (Fig. 4-5) and the same general types 
are still in use today. 3 

Following the pattern established for telegraph lines, wires were of 
iron or steel, sometimes galvanized and sometimes untreated. The iron 
was most often No. 12 gauge (109 mils) and the steel No. 14 gauge (83 
mils), but other sizes were occasionally used. 4 

As can well be imagined, these lines were plagued with problems re- 
sulting from corrosion and rust, such as loose and noisy connections, 
and also with high attenuation, inherent in the high resistivity of iron 
and steel. Many different materials and techniques were tried in 
attempting to overcome these difficulties. One technique was the devel- 
opment of a compound wire in which a steel core was wrapped with a 
copper ribbon and the assembly tinned. However, it was practically 
impossible to eliminate tiny holes in the covering, and moisture enter- 
ing these holes caused excessive corrosion. Another type of construction, 
somewhat better, was the application of an electrolytic coating of copper 
on a steel core. Although this construction materially reduced the corro- 

2 A writer of the time said, "The invention of insulators is a kind of scientific measles 
through which all telegraph managers pass with more or less danger." 

3 While the basic design of insulators was established at an early date, development 
continued over a long period to determine the most suitable material and the most 
effective configuration. For a brief period, porcelain was used. Ultimately, improved 
types of glass were used on very long lines employing the carrier systems introduced in 
the 1930s. 

4 Over the years various systems of gauges have been used to define wire size. In the 
earlier literature the particular system is not always stated. It was often, as above, in terms 
of the Birmingham Wire Gauge (BWG) but later the American Wire Gauge (AWG), or B 
and S system, became common. 
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Fig. 4-5. Outline drawings of early glass insulators from an 1890 Western Electric 
catalog. Clockwise from lower left: Number 3, Double Petticoat, Western Union, Pony, 
Double-Petticoat Pony. 


sion, it did not solve the basic problem of attenuation. Because of the 
very much higher frequencies used in telephony, the attenuation was 
an order of magnitude greater than at telegraph frequencies. Within 
a relatively short distance the feeble telephone currents decayed to the 
point where they were no longer usable. Until a way could be found to 
repeat (amplify) these signals, as had long been done in telegraphy, 
the only approach to extending telephony was by reducing attenuation. 

A few individuals recognized that solid copper, with a resistance about 
10 percent that of steel, would provide a large improvement in this 
respect, but methods of fabrication that were current did not produce a 
suitable wire. Wire then, as now, was produced by drawing strips or 
bars on copper through successively smaller dies until the desired size 
was achieved. Copper became brittle as it was drawn down to size and 
had to be annealed frequently during the drawing process to prevent 
breakage during succeeding passes. The final product was also annealed 
to improve its handling properties, and this incidentally improved its 
conductivity by a few percent. The annealing was desirable as long as 
the wire was to be used for winding coils, but unfortunately it also 
reduced the strength to the point where the wire could not support itself 
over an adequate span. The problem was solved by Thomas B. Doolittle, 
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who was acquainted with wire manufacturing processes and believed 
that proper control of the size reduction made after annealing would 
produce a wire which would be hard and strong without being brittle. 
Experiments in the factory showed that such a '"hard-drawn” wire 
could be obtained by decreasing the amount of area reduction produced 
by a die (i.e., using more passes for a given reduction) and by making 
a total size reduction of 11 numbers after the last annealing (e.g., from 
No. 1 gauge to No. 12). 

This work of Doolittle's was of great significance. Commercial copper 
in its soft state has a tensile strength of about 28,000 pounds per 
square inch with an elongation of 36 percent. It was completely unsuit- 
able for aerial construction not only because it lacked strength but be- 
cause of the excessive and permanent sag taking place under load. The 
drawing process developed by Doolittle increased the strength to about 
65,000 pounds per square inch with an elongation of only 1 percent. 

Doolittle first used hard-drawn wire for telephone service in 1877 and 
in the following year he achieved a process that gave reproducible wire. 
But copper had a bad name among the practitioners and many would 
not be convinced that hard- drawn copper was not only suitable mechan- 
ically but also cheaper, for a given resistance, than steel (even though 
more expensive per pound). 

Theodore N. Vail, then General Manager of the American Bell Tele- 
phone Company, was one who did listen to Doolittle . As a result, in 1881, 
extensive tests were conducted on hard-drawn copper wire under the 
supervision of Thomas A. Watson before his resignation that year as 
General Inspector of the New England Telephone Company. The results 
of these tests were very encouraging, and in 1883 an order was placed 
for 500 miles of such wire. On March 27, 1884, the first conversation was 
carried over this wire on a line between New York and Boston built 
largely by the Southern New England Telephone Company. 

To explore further the properties and desirability of hard-drawn 
copper wire, a line was built between New York and Philadelphia in 
1885 made up of wires of various sizes. Tests on this line provided data 
for determining the best size of wire to use for various installations 
and, from this time on, practically all overhead long-distance lines were 
made of hard- drawn copper. 

In the meantime, other problems were arising from adherence to tele- 
graph practices. It had long been the custom in telegraphy to use a single 
wire with ground return, not only to save the cost of the return wire 
but also because the ground return, on long circuits, offered a lower 
resistance path than a wire. Such a circuit is coupled conductively, 
inductively, and capacitively to other nearby electrical circuits and picks 
up unwanted currents from them. The interference of such currents 
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with the telegraph signal was not serious, but with telephony even 
small interfering signals were annoying and the higher frequencies em- 
ployed increased the inductive and capacitive coupling to the point 
where they were intolerable. It was soon learned that a full wire (metallic) 
circuit would reduce the interference from external sources, particularly 
those at some distance, since the induced currents in the two wires would 
be roughly of the same magnitude and tend to cancel each other. 

It is generally agreed that the first major demonstration of a 2-wire 
metallic telephone circuit took place on January 10, 1881, on a commercial 
line between Boston and Providence. The demonstration was carried out 
by J. J. Carty, who is therefore credited with the introduction of the 
metallic circuit into commercial use. However, because of the expense 
of the additional wire and the need for new switchboards, several 
years elapsed before conversion to metallic circuits became general. 5 

While the metallic circuit greatly reduced the interference from 
sources at some distance from the telephone pair, it did not completely 
solve the problem of interference or '"crosstalk” from a closely adjacent 
telephone pair on the same crossarm. The reason was that the disturb- 
ing wires were not both at the same distance from the two disturbed 
wires and consequently the induced currents did not completely cancel. 

In 1886 the General Manager of the American Bell Telephone Company 
made the following statement: 

We found that between metallic circuits with wire connected straight 
through, there was a very considerable amount of crosstalk, not quite as 
much, perhaps, as there would have been on grounded circuits, but not 
materially less. We have entirely removed that by securing a balance be- 
tween circuits. 

This so-called balance was achieved by a system of transposing the 
wires of each pair in such a manner that each side of the circuit was 
balanced not only with respect to ground, but also relative to the wires 
of other pairs on the line. 

5 The basic idea of a metallic circuit was not new. The original concept of electrical 
transmission of signals involved the use of a metallic-return circuit. In 1838 Professor 
Steinheil of Munich discovered that the ground could be used as a return path, thus 
providing a large saving in conductors. Telegraphers hailed this as an epochal invention 
and quickly put it to use. Many years later, Werner Siemens reinvented the metallic 
circuit and described its use for telegraphy in British patent No. 2,089 issued in 1855. 
Bell, in a patent applied for in 1878 and issued in 1881, covering twisted pairs, 
clearly showed that he understood the technical benefits. The great reluctance to forego 
the savings and simplicity of ground-return circuits even as late as 1891 is illustrated by 
comments made by Thomas Lockwood at an AIEE meeting in March of that year: "Some of 
the considerations which tend to delay the universal employment of metallic circuits in 
telephony are, however, that there are an immense number of wires even when but one is 
used to a circuit; that twice the number of wires means twice the number to get out of 
order, to cross, break and leak, and consequently twice the number to take care of, 
and handle. I hardly think that sufficient thought is given to these matters by many 
who talk glibly about the necessity and essentiality of using metallic circuits only, for all 
classes of telephone work." 
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DISTURBING LINE 



Fig. 4-6. Cancellation of crosstalk by transposing line. The disturbing line induces 
larger currents in the near wire of the disturbed line. By transposing, each wire of the 
disturbed line is, on the average, at the same distance from the disturber. 


In its simplest concept, for a short, two-pair line, it merely required 
a "'turn-over" of one pair so that residual currents on the west side of 
the turn-over were canceled by residual currents on the east side as 
shown in Jig. 4-6. 

Obviously the problem was much more complicated when there were 
many pairs on a line since each needed to be balanced against all others. 
Moreover, the coupling between circuits proved to be much more com- 
plex than implied above, and additional problems arose as the trans- 
mitted frequency was increased by the use of carrier and as the length 
of long-distance lines was extended. 

In 1885, John A. Barrett was given the task of balancing the line 
between New York and Philadelphia. He worked out an elementary 
scheme for such balancing which was later patented. 6,7 Then in March 
1891, J. J. Carty outlined a basic theory of transposition which was to be 
used for a number of years. More elaborate and more effective sys- 
tems for transposition were developed after E. H. Colpitts in 1904 con- 
ducted an elaborate series of measurements of direct capacitance using 
equipment devised by Campbell. His work led to modern transposition 
design. Two transposition techniques are illustrated in Fig. 4-7. The 
drop-bracket arrangement was most widely used, because of simplicity, 
until the advent of carrier transmission at high frequencies, at which 
time the point-type transposition began to receive wide use because of 
the more precise balance which could be achieved. 

Thus by the last decade of the nineteenth century a distinctly "tele- 
phone" type of open wire line had evolved and pole line standards had 


6 J. A. Barrett; U. S. Patent No. 392,775; filed May 9, 1888; issued November 13, 1888. 

7 A more complete discussion of crosstalk and of the methods developed for its 
control will be found in Section 5.3.1. Figure 4-91 illustrates Barrett's first transposition 
scheme. 
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Fig. 4-7. Two standard methods for transposition on pole lines: top, point type, and 
bottom, drop-bracket type. 

been established. These lines, using transposed metallic circuits of hard- 
drawn copper, were to form the backbone of the long-distance plant 
for many years and even today are the economic and accepted medium 
for wire telephone circuits in sparsely populated regions where only a 
few circuits are required. 

The improvement in lines, together with improvements in telephone 
instruments, gradually extended the distance for usable telephone trans- 
mission until by 1892 a line was in operation between New York and 
Chicago, a distance of about 900 miles. In 1897 service was begun be- 
tween New York and Omaha, over 1,300 miles. At this distance the 
attenuation of the line was so great, even with very large conductors, that 
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service was just barely acceptable. 8 Thus it appeared that the limit of 
long-distance telephony had been reached unless a major advance of 
some kind could be achieved. 

These advances were forthcoming after 1900, but before discussing 
them we should perhaps have a better understanding of the strengths 
and weaknesses of open wire lines so that the further evolution of 
transmission systems can be better appreciated. 

The open wire line was in many ways not a bad medium for telephone 
transmission. The approximate attenuation for such a line at telephone 
frequencies 9 is given by 



This relation between the primary constants and attenuation was not 
fully understood at the time, but with its help we can now see the basis 
for the pragmatic approach adopted of minimizing R through the use of 
copper (about 10 percent the resistance of steel) and minimizing G 
through the proper design of insulators. With a well-insulated line the 
part of the equation involving R was somewhat more significant than 
the G component. Intuitively one can sense the need for minimizing 
C, as a shunt across the line; but it was some time before Heaviside, 
Campbell, and Pupin convinced the practitioners that there could be a 
benefit from adding to the series inductance. In fact, there is for any 
line an optimum relation between C and L since a high CIL ratio increases 
the effects of R and a low ratio increases the effects of G . For open wire, it 
turns out, the ratio is not too far from optimum, though some improve- 
ment can be obtained by increasing L beyond the inherent inductance of 
spaced wires. The expression for A also shows that it is independent 
of frequency, and thus the transmission of voice frequencies is, in 
simple theory, without distortion . In actuality this is not quite true, since 
neither R nor G is itself independent of frequency. As the frequency is 
increased, R in particular is severely modified since the internal induc- 
tance of the conductor forces the current to flow near the surface. As a 
result of this "skin effect," the effective resistance ultimately gets higher 
and higher, increasing in proportion to the square root of frequency so 


8 For these long circuits it was necessary to use No. 8 BWG hard-drawn copper wire 165 
mils (about \ inch) in diameter. This was the largest size found practical. It weighed 
435 pounds to the mile and corresponded roughly to No. 6 gauge in the B and S 
system usually used to describe cable conductors. 

9 This approximation does not apply at the low frequencies of telegraph where the series 
impedance is predominantly resistive rather than reactive, and is completely inapplicable 
to cable circuits. The quantity A is in nepers per unit length of line, the neper being a unit 
of attenuation equal to the natural or Napierian logarithm of the current or voltage ratio, or 
V 2 logp of the power ratio. The other terms, all on a unit length basis, are ohms, 
henries, farads, and mhos. 
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that ultimately attenuation is no longer constant but also increases as the 
square root of frequency. Fortunately, for copper wire, this effect is small 
at voice frequencies. With iron, internal inductance is higher because 
of its high permeability and the skin effect becomes noticeable even in 
the voice range. This causes an additional penalty for the use of iron 
and a discrepancy from expectations which proved puzzling to the prac- 
tical communication man until skin effect was understood. 

Thus, for voice-frequency currents, the metallic copper open wire 
line proved to be a good means for meeting the electrical requirements, 
since resistance and capacitance were low and the inductance nearly 
large enough to be optimum and in any event sufficient to offset some of 
the effects of capacitance and provide a nearly distortionless line. One 
undesirable aspect was that leakage tended to increase during rainy 
periods with consequent increase in attenuation. This effect was- not too 
serious on early telephone lines but became more important as the line 
impedance was raised by the use of loading in the early 1900s. 10 Later, 
when frequencies well above the voice band were used for carrier trans- 
mission, weather which caused the formation of sleet or hoar frost be- 
came a serious problem. Under these conditions not only the leakage but 
also the effective resistance and capacitance were radically altered . 

Physically, the open wire line was far from desirable, since it was 
bulky and unsightly and required a large amount of expensive copper 
and a complex supporting structure. The solution obviously was the 
use of small insulated conductors in close proximity; in other words, a 
cable. But the electrical effects were highly discouraging; not only 
did the use of smaller conductors increase the resistance but the close 
proximity between wires increased the capacitance by a factor of about 
10 and decreased the inductance to a negligible amount. The reduction 
in conductance G , resulting from the improved environment, was only 
a small compensation. Even for the same size conductors the attenua- 
tion of cable at 1,000 hertz was roughly ten times as great as 
that of open wire, and for practical sizes of cable conductors the 
attenuation might be 30 times that of heavy open wire. Further, since 
the inductive reactance of cable was negligibly small at voice 
frequencies, the effect of the capacitance was controlling and the at- 
tenuation increased as the square root of frequency. Transmission was 
no longer distortionless, the quality of speech deteriorating as the 
circuit was lengthened because the high frequencies were attenuated 
more rapidly than the low. 

As the effects of capacitance and inductance were better appreciated, 

10 Leakage was a particular problem in "alkali" country where the dust deposited on the 
insulators contained a large quantity of conducting salts. At one time the Mountain 
States Company, operating in the Salt Lake region, used steam from the boiler of a Stanley 
Steamer automobile to clean insulators. 
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the possibility was explored of reducing the high attenuation by adding 
inductance in some manner. The practical answer to the question came 
after 1900 and will be covered shortly as we describe the evolution of 
loading. At this point it suffices to say that this was a partial and highly 
valuable solution which considerably ameliorated the distortion and 
reduced attenuation by a factor of 3 or 4; but the final solution to the 
attenuation problem did not come until amplification became practical. 

2.3 Cable 

2.3.1 Structural Design 

The first need for cable arose, as it did earlier in telegraphy, 
where it was necessary to go through tunnels or to cross small bodies 
of water, either above the surface or on the bottom. Telegraph 
practice was followed using cables made up of insulated wires drawn 
into metal pipes or sometimes merely protected by canvas jackets. 
Gutta percha, rubber, or a rubber compound (such as Kerite) was 
used as insulation. Single-wire, ground-return circuits were employed. 
The close proximity of the wires greatly increased interference between 
circuits as compared to the wider-spaced open wire lines. This inter- 
ference, or some components thereof, was reduced by shielding, 
i.e., covering each insulated wire with a conductor at ground potential. 
Lead, tinfoil, or spiraled copper wires were used for the shield. 
By 1880 four cables, each with seven conductors, had been installed 
on the Brooklyn Bridge. 

These cables had many faults. The insulation had a high dielectric 
constant, causing high attenuation; the insulating materials tended to 
deteriorate with age; and the shielding was only partially effective. 
Thus the use of any but short lengths was impractical. But the 
need for cables was increasing rapidly as telephony grew, and even 
early in the 1880s the congestion on open wire lines in the cities was 
so serious (Figs. 4-2 and 4-8) that some way to reduce the bulk was 
essential. The hazards of wind and ice storms had always been a 
serious problem with open wire. When these were combined with the 
great numbers of wires required as telephone customers multiplied, 
chaotic breakdowns in service could occur (Fig. 4-9) that might require 
weeks to restore. It was therefore of critical importance for telephone 
engineers to solve the cable problem. 

David Brooks, an independent engineer, and later his son and name- 
sake, were to take important steps in this direction. In 1878 Brooks 
had discovered that cotton and other fibrous materials were good in- 
sulators if kept dry. He made cables in which the individual 
conductors were insulated with a wrapping of cotton and a smaller, 
similarly insulated, copper wire was spiraled around the conductor 
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Fig. 4-8. Typical pole-line construction in the early 1880s. (Emling 1962, p. 8) 

as a shield. A number of these assemblies were pulled into iron 
gas pipe, with special recessed couplings, which acted as a protective 
sheath. Brooks dried the cable core by heating it in oil, and kept it 
dry by drawing it directly from the oil into the iron pipe, which was 
then filled with oil. A reservoir of oil above the highest part of the 
piping system served to maintain the system under pressure, the theory 
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being that in case of a small leak, the oil would seep out and 
prevent the entry of moisture. The Brooks system did not work too 
well in practice and was not widely used, but it did establish the 
possibility of textile insulation, and the use of oil under pressure 
was the precursor of gas pressure techniques introduced much 
later. Brooks also discovered that a metallic circuit with twisted pairs 
would solve the crosstalk problem, but in a patent interference 
suit it was found that Bell had come up with this idea as early as 
1876 and he was judged to have priority. Bell was granted a patent 
in 1881 in which he stated with his usual clarity and comprehension 
of basic principles, "With twisted wires the relative distance of the 
wires is of little or no consequence so far as obviating inductive dis- 
turbance is concerned, since by the twist the wires of each pair are 
brought alternately to the same position relative to the other wires." 

In 1880 the Western Electric Manufacturing Company (soon to be- 
come affiliated with the Bell System as the Western Electric Company) 
became interested in the Brooks cable, and obtained the rights to 
manufacture it. A young Western Electric man, W. R. Patterson, 
was assigned the task of working with Brooks and learning how the 
cable should be manufactured and installed. While engaged in this 
task, Patterson arrived at two very significant conclusions. First, if 
the pipe could be maintained free of leaks and if all moisture had 
been removed from the core, the oil filling was unnecessary. 
Second, a flexible pipe of lead, if it could be maintained leak- 
proof, would offer important advantages over the rigid iron pipe. 

Patterson experimented with various techniques for implementing his 
conclusions. He developed alloys of lead that would provide pipe 
with adequate strength and resistance to corrosion. At first he was 
tempted to produce cable without any filler, but apparently his cable 
customers were not convinced that the filler was unnecessary and he 
cast about for a substitute for the oil filler. 11 

One of the materials which had engaged Patterson's attention was 
paraffin wax. He noted that when melted paraffin cools, it hardens 
gradually, shrinking as it solidifies. He tried charging melted paraffin 
with gas and allowing the mixture to cool under pressure. With this 
treatment, the material did not shrink but assumed a white, spongy 
appearance. When used as a filler in lead-sheathed cable, this spongy 
paraffin not only kept out moisture, but greatly improved the 
transmission characteristics (see Fig. 4-10). It was determined later that 
the improved transmission characteristics of this cable over previous 
cables with solid dielectrics were due to the fact that the gas in the 

11 Patterson has been quoted as saying, "It would have been as easy to sell a cable 
filled with air as to sell a sausage filled with air. So it was necessary to find a filler." 
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PATTERSON CABLE. 


The “ Patterson Cable’' is a group of conductors, each covered 
with two or more windings of cotton or jute, or both, saturated with 
paraffine and protected by a lead pipe* The space between the group 
of conductors (or core) and the pipe is filled with aerated para Hi no. 



The core may be made in continuous lengths of 1 ,500 feet, and the 
protecting pipe is jointed over it in lengths of 7T> to 1 00 feet. Any 
flaw which may exist in the pipe and any leaky joint is detected by 
the process of filling. 

The almost invisible globules of gas, scattered uniformly through 
the mass of the paraffine filling, 
render it elastic, so that the natural 
!\ shrinkage of the paraffine in cool- 
i ing is compensated for by the ex- 

f 

pansion of these globules, prevent- 
ing the formation of cracks and 
longitudinal fissures, through which water would 
penetrate indefinitely in case of a break in the protecting pipe. 




Fig. 4-10. Description of the Patterson cable, taken from the 1883 Western Electric catalog. 


paraffin reduced the dielectric constant and thus reduced the capacitance 
between conductors. Over 75 years later, in the age of plastics, 
this principle was to be revived when expanded polyethylene and 
similar substances were studied as potential wire insulation. 

Although difficult to manufacture, the Patterson cable, as it was 
called, became an important item in the early 1880s and provided 
the telephone industry with its first dependable multiconductor 
cable. 12 In 1883 the cable was being made available with either 

12 The status of cable development at the time of Patterson's work is well illustrated by a 
quotation from the American Bell Telephone Company Annual Report for 1882: "There is 
no strictly underground telephone system in any part of the world, the Paris wires being 
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single-line conductors or twisted pairs, but by 1887 only balanced, 
twisted pairs were being supplied. 

The Patterson cable was not without competitors, a few of which 
should be mentioned to illustrate the ingenuity of the American 
engineer. One example was the Delaney Button cable, in which four 
No. 20 cotton-covered wires were run through a long string of ordinary 
shirt buttons. The buttons were spaced close enough to keep the wires 
from touching but far enough apart to form a flexible cable 
that could be wound on a reel and drawn through the desired 
size of pipe or conduit. Many years later, the coaxial cable was to 
use a not unsimilar scheme to position the center conductor. Another 
unique idea, which neither at the time nor later enjoyed much success, 
was the cable made up of about 20 bare wires, each drawn into a small 
glass tube. The group of tubes was then drawn into a lead pipe and a 
solution of some kind of grease or rosin forced in under pressure. When 
the pipe was bent, the tubes were, of course, broken, but the desired 
separation of the wires was supposedly maintained by the injected 
material holding the glass in place. 

Because of the many different types of cables in use and under 
development in the mid-1880s, the need for standardization became 
more and more apparent. A Cable Conference was called in September 
of 1887 at which leading telephone executives and engineers gathered 
to discuss their experiences with cables and to establish the qualities 
needed for good performance. 

Specifications for telephone cables were issued in 1888, based on 
the conclusions reached at this Cable Conference. These specifications 
called for the use of No. 18 B and S gauge copper wire covered to an 
outside diameter of Vs inch with not less than two wrappings of cotton. 
The conductors were to be twisted in pairs with a 3-inch twist and 
formed into a core made up in spiraling layers with alternating 
directions of lay. The spaces in the core and between the core and 
the pipe were to be filled with an insulating material. The sheath was 
to be an alloy of 97 percent lead and 3 percent tin about Vs inch 
thick. Electrostatic capacitance was limited to a maximum of 0.20 
microfarad per mile, each wire tested against all others grounded. 13 


placed in huge sewers, practically large galleries, entirely altering the ordinary under- 
ground electrical conditions. Foreign companies are apparently waiting to see what is done 
in America; we have, therefore, nothing to guide us but our own experiments/' 

13 This was the common way to express capacitance in the early days of cable develop- 
ment and was logical with ground-return circuits. When metallic circuits became com- 
mon, it was realized that capacitance between wires was the significant characteristic and 
this was accordingly specified after about 1890. There is not a unique relation between the 
two figures but the capacitance between wires usually runs lower than the capacitance 
of a single wire to ground by a small amount (roughly 10 percent). 
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With these requirements, 52 pairs of wires could be placed in a 
cable having an outside diameter of 2 inches. 

The next important step in the development of cables was the 
transition from cotton-insulated, filled cable to paper- insulated, dry- 
core cable. This type of cable served as a prototype for essentially 
all paired and quadded cables for the next 50 years, at which time 
the advent of reliable plastics began to influence design significantly. 
However, even in the late 1960s, 80 years later, over half of the cable 
conductors manufactured utilized some form of paper insulation. 

The major advantage of these materials was a significant decrease in 
the electrostatic capacitance, due to the fact that the wire insulation 
was mainly air rather than solid dielectric. It became possible not 
as the result of a single invention but more as a matter of gradual 
evolution resulting from a number of developments. It will be re- 
membered that Patterson had suggested early in his work that a filler 
would be unnecessary if the sheath could be maintained water- 
tight. Improvement in manufacturing technique and the development 
of extruded lead sheathing were to solve this problem. 

John A: Barrett, working on Bell System cable problems, was instru- 
mental in first introducing the lead extrusion technique into the 
manufacture of telephone cable. He became acquainted with John 
Robertson, an inventor, who had developed a process for extruding 
a thin lead sheath on single electric-light wires. Barrett worked with 
Robertson on extending the principle to multiple-conductor telephone 
cables, and in 1886 a press capable of extruding a pipe 2 inches in 
diameter was built and limited production begun. The lead was alloyed 
with about 3 percent tin to improve mechanical strength and increase 
resistance to corrosion. This alloy had been developed earlier by Patter- 
son and provided considerably higher breaking strength and resistance 
to corrosion than unalloyed lead. Figure 4-11 pictures an early sample 
of cable with extruded lead sheath. 

About 1907 work was started to develop a material that would be at 
least as satisfactory as the lead-tin alloy but less expensive. Extensive 
laboratory tests and field trials covering a wide range of alloys 
were conducted over a period of four or five years. This work resulted 
in the development of a new cable sheath material consisting of about 1 
percent antimony alloyed with the lead. This material was adopted for 
underground cables early in 1912 and for aerial cables about a year 
later. It was used almost universally until 1948, when the use of 
plastic-sheathed cable in aerial installations was started. 14 

14 It is of interest that in England, in 1845, William Young and Archibald McNair 
received a very broad patent (No. 10,799) on the manufacture of cable. The patent 
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Fig. 4-11. Early cable with extruded lead sheath (1888). 

These developments made the dry core possible, but several other 
developments were required before the modern type of structure was 
evolved. The use of cotton insulation, which required winding the 
conductors with a layer or two of fine yarn, was slow and expensive 
and experiments with the use of a strip of paper in place of yarn 
had begun at an early date. 


described "Certain Improvements in the Construction and Means of Manufacturing Ap- 
paratus for Conducting Electricity" and covered the manufacture of a cable made up of 
wires surrounded by nonconducting substances enclosed in tubes. The use of thread in 
plaited or braided form as insulation was described, and means were outlined for 
impregnating the wire assembly with an insulating compound, the whole being en- 
closed in a lead pipe extruded around the core by means of hydraulic pressure. 

This patent certainly anticipated much of the work on cable which we have described, 
but seems to have been premature since there was little follow-up and many of the ideas 
bore no fruit until they were independently resurrected 35 to 40 years later. It illustrates 
the fact that an invention, to be useful, must come at a time when there is both a need 
and a sufficiently developed technology to make it feasible. 
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At the 1889 Cable Conference, W. R. Patterson stated: 

. . . it is the sense of this conference that it is very important to follow up the 
experiments in the use of paper or other materials as a substitute for 
cotton and that it is desirable to authorize such substitution wherever the 
manufacturers will guarantee a substantial reduction in static capacity 
therefrom. 

Early work with paper involved the use of sealing compounds, but 
experience with a cable in which the penetration of the compound 
was imperfect demonstrated the benefits that might arise from its 
omission. Toward the latter part of 1889 it was clearly recognized that 
the sealing mixture in a cable detracted from the desired electrical 
properties, and by the same time it had become apparent that 
trustworthy cable sheaths could be produced in large quantities. 
Some important installations of dry-core cable were made at about this 
time, and experience indicated that they were very satisfactory. By 
1891, the cable specifications called for paper insulation as a standard. 
The size of the conductor was reduced to No. 19 B and S gauge 
and the electrostatic capacitance requirement was made 0.085 micro- 
farad per mile (between the wires of a pair), very close to the present- 
day standard for exchange cable. 

From this time on, the development of cables using the paper- 
insulated dry-core principle was rapid, with most of the effort 
going into the production of cables with finer gauges so that more 
and more conductors could be placed in a sheath. In 1901, for 
example, cables were placed in use containing 400 pairs of No. 22 gauge 
wire, followed the next year by cables containing 600 pairs of the same. 
These and other steps in the evolution of cable are shown in Figs. 4-12 
and 4-13. 15 

Until the late twenties the layer type of structure, illustrated by the 
24-gauge cable in Fig. 4-14, was common. This, it will be noted, 
is the type of structure, with reversed layers, described in the 1888 
specifications. Originally all pairs had a 3-inch non-staggered twist, but 
in 1920 staggered-twist cables were introduced that used two different 
lengths of twist to reduce crosstalk in adjacent pairs. Later, as many 
as five twists were used in a layer. These measures greatly improved 
crosstalk suppression by reducing the chance of coincident twists in 
adjacent pairs. 

In the late twenties the unit type structure was introduced with the 
manufacture of 26-gauge cable. This structure, clearly illustrated at the 
right of Fig. 4-12 and at the bottom of Fig. 4-13, was made up of a 
number of bundles of conductors (or small cables) which had been 


15 It is to be understood that the use of fine-gauge cables became practical only 
after the introduction of measures for improving transmission which will be described 
shortly. 
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Fig. 4-13. Principal stages in the development of paper-insulated exchange cables 


CABLES SHOWN BELOW WERE FULL-SIZED CABLES AS OF THE DATES INDICATED. 
PHOTOGRAPHIC REPRODUCTIONS ARE REDUCED IN SIZE. (ACTUAL OUTSIDE DIAMETER 
OF CABLES IN THE LAST TWO ROWS 2 5 /8 INCHES) 


404 PAIRS 
NO. 22 A. W. GA 
(10.3 LBS. PER WIRE MILE) 


1939 

2121 PAIRS 
NO. 26 A.W. GA. 
(4.1 LBS. PER WIRE MILE) 


Fig. 4-14. A 1212-pair, 24-gauge cable showing how pairs are cabled together (outside 
diameter of 2 5 /s inches). 
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formed in an earlier step in the manufacturing process. The use of a 
large number of twists was important in controlling crosstalk within a 
unit. Current cables are made up of 25-pair units, each pair of which 
has a different twist. 

Another important change in cable manufacture began in the twenties, 
the use of a homogeneous paper covering formed directly on the wire 
in place of a helically wound paper tape. This “pulp-insulated” cable 
eliminated several steps in the fabrication process and led to consider- 
able cost reduction. Work on the process began in 1921 but it was not 
until about 1925 that the process began to appear feasible. At this 
time a 10-wire machine was used to supply pairs for a number of 
experimental cables, several of which were installed in the plant. 
The work was so promising that the pulp-insulating machine was 
expanded to a 50- wire size and began operation in March 1928. 
Expansion after this was rapid; by 1932 all 24- and 26-gauge exchange 
area cables were being manufactured with pulp insulation. 

2.3.2 Cable Splicing 

The adoption of the air-core, lead-sheath cable introduced several 
problems in joining cable sections together. 

During the splicing operation it was necessary to avoid the entrance 
of moisture through the open end. Hence a first step in splicing, after 
making the conductors accessible by removing the end of the sheath, 
was to pour molten paraffin over the conductors until it penetrated 
back into the sheathed portion far enough to block the penetration of 
moisture. This “boiling out" process was much later supplemented by 
the addition of desiccants (such as silica gel) before resealing. 

The wires themselves were ordinarily joined by simply twisting the 
two ends together after removing the paper insulation. The twisted 
joints were often solder-dipped when the wires were large or in toll 
cables. The twisted joint was insulated by slipping over it a woven 
cotton tube. A large lead collar covered the spliced wires and was 
connected to the lead sheath by the standard plumbing practice of 
“wiping." This consisted of manipulating hot lead alloy around the 
junction of the collar and sheath until they were integrally joined. 

2.3.3 Cable Installation Techniques 

Use of cable was stimulated by a need to reduce the space occupied 
by the wires carried on overhead structures and, beyond this, by the 
desire to replace these structures entirely with underground installations. 

Originally, overhead installations of cable were used in place of open 
wire on bridges, where space was limited, and in the neighbor- 
hood of central offices, where congestion was particularly severe. These 
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installations were often little more than bundles of wires insulated with 
gutta percha or rubber, banded together with a wrapping or protective 
jacket, and usually suspended between rather closely spaced supports. 
As lead-sheathed cable became available, largely in response to the 
need for underground installation, it was also used overhead, and a need 
arose for supporting this heavy but inherently weak structure on pole 
lines having the wide spacings developed for open wire. Several 
attempts were made to manufacture self-supporting cable by incorpo- 
rating steel wires during the manufacturing process. An interesting 
approach was the use of two longitudinal steel wires outside the 
sheath, held in position by circumferential wires spaced 3 inches apart 
and soldered to the longitudinal. This proved difficult to handle 
and tended to cause sheath breaks at the circular wire supports. The 
most practical approach, adopted at an early date, was the use of 
a supporting strand or messenger with the cable supported directly 
below it by means of metal or rope hangers at frequent intervals, as 
shown in Fig. 4-15. This technique continued until the advent of 
the lashing process, about 1939. In this process the cable is temporarily 
suspended from the messenger and a small reel of binding wire is 
pulled along the assembly in such a way that the wire is wrapped 
around the cable and messenger in long spirals and firmly lashes the 
two together (see Figs. 4-15 and 4-16). It is interesting to note that a 
similar process using tarred rope cord for lashing was used about 
1881 or 1882, and while described as "very original, practical and 
effectual," it apparently did not prove as satisfactory at this time 
as the hanger technique. 

After the initial need for short cables for river crossings and the 
reduction of congestion near offices, the greatest need was for under- 
ground installations to avoid the potential damage from storms and 
fire and to meet the p ublic demand for eliminating unsightly over- 
head structures. In these cases, greater lengths were required and the 
inherently high attenuation and distortion of cable assumed importance. 
These effects were small for a short entrance cable or river crossing 
but became serious when long cables were tried. Often the reason for 
the poor performance was not clearly understood. The discouragement 
prevailing at the time was eloquently expressed later by Thomas Watson: 

My recollection of all this work is chiefly characterized by a feeling 
of hopelessness I then had. I felt as if I were gazing into an abyss 
that must be bridged by lives of work and experiment before we could 
get to the other end. 

A major concern, when attempts were first made to place cables 
underground, was how to protect them from moisture, corrosion, and 
physical damage. An 1881 installation in Pittsburgh indicates one ap- 
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Fig. 4-15. Cable supported by wire "messenger." Wire hangers support lower cable 
lashing is used on upper cables. 


Fig. 4-16. Method for lashing supporting wire to cable. 
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proach. Three Patterson cables having 50 conductors each of No. 26 
copper were laid in a wooden box and covered with pitch or asphalt. 
The following year eight more cables were installed. These experi- 
ments did not prove very successful, possibly because the very small 
wire made the attenuation quite high. In addition, the installation 
techniques proved laborious and not very practical. 

Over a hundred schemes had been proposed for getting wires 
underground, and an experimental evaluation of some of them was 
obviously needed. This was undertaken about 1882 in a 6- mile 
installation along the right-of-way of the Boston and Providence 
Railroad. The trench for the cables was opened by a plow drawn by 
the train employed in the experiment. After the cable was placed and 
joined and the jointing boxes made watertight, the trench was back- 
filled by an improvised scraper pulled by the train. Various types of 
cable using rubber-insulated wire were laid for comparison, the whole 
weighing nearly 30 tons and filling three freight cars. This ambitious 
experiment was not too encouraging. None of the cables gave very 
good transmission, presumably because of a high attenuation. 

One thing became clear at this time. Considering the imperfections, 
both mechanical and electrical, of the types of cable then current, 
it was not wise to bury the structure permanently. Rather, it was 
concluded, a system of ducts should be provided into which the 
cable could be drawn, and from which it could be withdrawn for 
salvage or replacement if there was failure or if improved cable 
became available. 

The first such duct system was installed in Boston. The ducts con- 
sisted of buried wrought-iron boiler pipes about 3 inches in diameter. 
A flaring bell attached to each pipe at a manhole prevented injury 
to the cable as it was drawn into the duct (Fig. 4-17). The man- 
holes were constructed very carefully in an attempt to exclude water. 16 
Several different types of cable were installed in such a conduit 
system early in 1883. Even though ground-return circuits were still 
commonly used, the conductors in these cables were twisted together in 
pairs. Thus it was possible to use them later for metallic circuits. 

As time went on, other types of conduit were developed for use 
with underground cable. For example, in the latter part of 1885 
trials were made of Dorsett conduit composed of a mixture of asphalt 
and sand. This material was molded into cylindrical sections. How- 
ever, it was not very satisfactory, since its interior surface was rough and 
the sealing material squeezed through the cracks at the joints, 
making projections which broke off and then had to be cleaned out. 

16 The idea of building a watertight conduit system was soon abandoned in favor of a 
watertight cable system. 
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Fig. 4-17. First telephone "drawing-in" underground conduit system — Boston, 
Mass., 1882. (a) Cross section in street, (b) Arrangement of ducts entering manhole, (c) 
Brass bell attachment to ducts to prevent injury to cable when drawing in. (Rhodes 
1929, Figs. 14 and 15) 
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The American Bell Telephone Company Annual Report for 1887 
indicates that progress, though slow, was significant: 

It will be noted that the number of miles of wire underground has materially 
increased, and we expect further large additions to the underground 
mileage in the current year, especially in New York, where the Subway 
Commission has made arrangements for the working of an underground 
system, which will meet the requirements of the wire companies. . . . The 
Metropolitan Telephone and Telegraph Company is prepared to put a large 
part of its wires into subway conduits as soon as the obstacles referred to 
are removed. (The obstacles in this case were legal.) 

Two different types of wooden conduit were developed and used to 
a limited extent. First there was the Macdonald conduit (Fig. 4-18) 
consisting of blocks of wood so grooved that when they were 
assembled a series of holes 2 V 2 inches in diameter was available 
for drawing in the cables. Next came a creosoted wooden conduit 
called a “pump log." Each log was several feet long and about 
4 V 2 inches square, pierced longitudinally with a 3-inch round hole 
(Fig. 4-19). A much less sophisticated approach was represented by the 
very early creosoted wooden conduit shown in Fig. 4-20. 

Around 1890, vitrified clay or glazed tile was tried out as a conduit 
material. Trouble was encountered with breakage and with cables 
becoming jammed so that they could not be removed. Shortly there- 
after production was started on conduits of another form of vitrified 
clay known as hollow brick. These hollow bricks were laid in cement 
mortar and the entire structure then embedded in concrete. Following 
this, a vitrified clay conduit called the “multiple duct" came into use. 



Fig. 4-18. Macdonald wooden conduit. (Rhodes 1929, Fig. 18) 
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Fig. 4-19. "Pump log" conduit. (Rhodes 1929, Fig. 19) 


In this construction a separate square hole was provided for each cable, 
the sections being generally made with four, six, or nine holes. 
This type of conduit was used very widely, and is similar to that 
employed in modern construction (Fig. 4-21). 

It would be fair to say that by the nineties the general pattern 
had been set for underground conduit systems as we know them 
currently. Much later the plowing technique was to be revived when 
high-grade cables and tractor-drawn plows came into existence, but 
for about 50 years the system of manholes spaced to fit cable 



Fig. 4-20. Early creosoted wooden conduit. 
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Fig. 4-21. Multiple-duct vitrified clay conduit. (Rhodes 1929, Fig. 20) 


reel lengths and connected by vitrified clay conduit characterized the 
majority of underground installations. 

2.4 Special-Purpose Wire and Cable 

The facilities just discussed were the basic transmission media used 
in the early years of telephony. It was not long, however, before the 
need was recognized for specialized forms of wire and cable. For 
example, the conductors used for connection into the actual customer's 
premises needed to be resistant to the abrasion of tree limbs, and the 
connections into a central office were subject to space limitations 
because of the hundreds of pairs of wire. Submarine cable obviously had 
to be protected from a quite different natural environment, whereas 
toll cable had special characteristics dictated by the transmission 
requirements of long, balanced circuits. 

2.4.1 Dr op- Wire 

At the user's end of the transmission facility it was impractical to 
continue the main line facilities all the way to the customer's 
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premises. With rooftop distribution the customer's line was "dropped" 
to his premises below using the available type of insulated con- 
ductors. As pole distribution was introduced, these connections retained 
their name of "drop- wire," but a special twisted pair was developed 
with each wire insulated by a rubber compound. The rubber was covered 
with a braid saturated with asphaltum which protected it from abrasion 
and the deteriorating effects of light. This type of drop-wire, with No. 
14 copper conductors, was adopted about 1900. Ten years later, higher- 
strength conductors of bronze or copper-steel were used to permit the 
use of longer spans and smaller wires. Since the total length of drop- 
wire used was commonly small, the increased attenuation was not 
important. In the late 1920s a parallel pair was used with insulation 
extruded over the two wires simultaneously. Initially a braid cover was 
also used but as the more durable synthetics, such as neoprene, 
superseded rubber it was omitted. This parallel construction not only 
was cheaper, because it required fewer manufacturing operations, 
but avoided degradation of transmission during wet weather by 
eliminating the crevice between wires. Moisture had tended to ac- 
cumulate in the crevice, increasing attenuation because of the high 
dielectric constant of water. 

2.4.2 Terminating and Office Cables 

Special facilities were also required at the central office end of tele- 
phone lines. Originally drop-wire was used, but as the number of 
wires increased, cable was introduced to decrease the bulk. With the 
introduction of dry-core cables, it became necessary to seal them at the 
ends to prevent the entrance of moisture. To some extent plugs of 
paraffin or similar substances were used, but it became more common 
to splice on a "tip cable," often with textile insulation filled with 
wax or other impermeable substance. At the outer end, the tip 
cables terminated in screw terminals to which the open wire was 
connected. At the office end, these cables were connected to distribu- 
tion frames 17 for interconnection with the office equipment. Within the 
office, "office cabling" was used which employed textile insulation 
saturated with wax, the whole being enclosed in a textile jacket treated 
with fire-resistant compounds. 

2.4.3 Toll Cable 

The early forms of cable were used universally, wherever needed. 
As the intercity or "toll" plant grew, pressure developed for under- 
ground installation as protection against storms. Because of the very high 


17 See Chapter 6, Section 3.4.6. 


Wire Transmission 


229 


attenuation of cable relative to open wire, it was necessary to use 
large conductors and a loose "pack" of the wires to minimize 
capacitance. Thus, low resistance and low capacitance 18 were the main 
distinguishing characteristics of toll cable until the introduction about 
1910 of "quadded" cable which was required to implement the 
phantom principle. Briefly, quadded cable was made up of two twisted 
pairs which were both twisted together. After about 1911, essentially 
all toll cables manufactured were of the quadded type. The phantom 
technique and the requirements it placed on cable will be discussed 
in Section 4.1.1. 

2.4.4 Submarine Cable 

As early as 1880 an attempt was made to telephone over the 
Atlantic telegraph cable, but without success. The reasons for failure 
were not clear at the time but it is now obvious that the attenuation 
and distortion of the medium were far too great. Three years later, 
success was achieved in a more modest trial when five cables 
crossing the North River between New York and New Jersey were 
connected in tandem, totaling 5 miles. Blake transmitters were used 
with Bell receivers, and it was reported that "conversation was carried 
on with the greatest of ease." In 1884 a 4 V 2 mile, 7-conductor, 
gutta-percha-insulated cable was laid across the bay between San 
Francisco and Oakland. 

As lead-covered cables were developed for underground use they 
were also used for short water crossings, but the cables were usually 
filled with bitumen to prevent the penetration of water in the event of 
sheath injury. As experience demonstrated the reliability of lead 
sheath, dry-core cable came into use about 1899. Protection and 
strength were provided by the use of extra thick sheaths covered by 
jute, the whole being surrounded by spiraling galvanized-steel armor 
wires. Hemp, saturated in a preservative compound, was wrapped 
around the armor. About 1900 a double lead sheath without armor 
was used in a few deep-water crossings where damage from dragging 
anchors was unlikely. The reasoning behind the double sheath was 
that defects in the two sheaths would probably not occur near enough 
together to cause serious damage. 

These cables were all essentially the same as underground cables 
except for mechanical protection and since the pressure of cost dictated 
the use of small conductors, their use was limited to short distances. 

As inductive loading became available for reducing attenuation, 
as described later, it was also applied to submarine cables. Ex- 

18 Wires as large as No. 10 B and S gauge (0.1-inch diameter) and cables with 
capacitance as low as 0.04 mF per mile were used. 
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amples were the Chesapeake Bay crossing in 1910, 19 the Tarrytown 
to Nyack crossing in 1916, and the Raritan Bay crossing in 1917. 
All of these were relatively short cables in shallow water, using 
specially encased loading coils. 

About 1920, long-distance types of submarine cable were developed 
through adaptations of the single-conductor telegraph-type cable, and 
systems over 100 miles long were placed in service. One of these, 
the Key West-Havana system (Fig. 4-22), also revived a very early 
form of loading, in which inductance was added in a continuous manner 
along the line. 

III. THE SITUATION IN THE NINETIES 

Though the telephone system after 25 years was still somewhat short 
of attaining its inventor's goal of nationwide interconnection, progress 
had nevertheless been quite remarkable considering the technical 
obstacles, and it can fairly be said that by the end of the nineteenth 
century the service had come of age and established itself as a vital 
social and economic necessity. Thus the late 1890s offered in retrospect 
a view of vast local and regional expansion, outwardly apparent in 
lengthening mileage of pole lines and multiple crossarms, but with the 
revolutionary inventions still not at hand for solving the problem of 
transmission over long distances in an economical way. 

3.1 Growth 

By the turn of the century almost 2,000,000 miles of wire were 
devoted to telephone transmission in the Bell System, about six times 
the amount in use ten years earlier. Bell telephones, numbering over 
800,000, were to be found in every major city and every part of the 
country; indeed, even as early as 1881 there had been only nine 
cities of more than 10,000 population without a telephone exchange. 
Some interesting statistics on this rapid growth appear in Fig. 4-23, taken 
from the Annual Reports to Stockholders of the American Bell 

Telephone Company (1880—1899) and the American Telephone and 
Telegraph Company (1900). 

In 1885, as already recorded in Section 1.9 of Chapter 2, the American 
Telephone and Telegraph Company had been formed to build and 
operate lines interconnecting cities not only in North America but 
"also by cable and other appropriate means with the rest of the known 
world. For reasons that we have touched upon but shall examine 
in more depth, progress in interconnection was more difficult than 

19 This was the first Bell System underwater cable to use loading and it pioneered 
practices that were followed in later projects. It contained 17 pairs of 13-gauge paper- 
insulated conductors and was loaded at two underwater points. 


Wire Transmission 


231 



Fig. 4-22. Key West-Havana submarine cable construction. 


had been originally expected. The first truly long-distance circuit was 
provided by the experimental copper line between New York and Boston 
in 1885. Two years later commercial service was opened from New York 
to Philadelphia. Lines spread out rapidly thereafter and by 1893 
service from New York had extended as far south as Washington, as 
far north as Augusta, Maine, and as far west as Chicago. By the turn 
of the century western expansion had reached Omaha. While this was 
still far from the ultimate goal, it was sufficient to demonstrate 
the potential of long-distance telephony to the using public and to show 
the determination of the System to overcome technical limitations. 

3.2 The Physical Problem 

In the beginning, as we have noted, it had been necessary to use 
the highly unsuitable transmission media that had evolved for teleg- 
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NA 
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68 

325 
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538 

30 

1,354 

705 

101 

608 


* All figures in thousands, 
t Data not available. 


Fig. 4-23. Bell System telephone growth, 1880-1900. 

raphy, but within 20 years new media had been developed which 
were better adapted to the specific needs of telephony. In spite of 
the inadequacies in theory under which early technicians worked, these 
media were fundamentally so sound as to require no basic changes 
for many years. 

The open wire line had been standardized using transposed 
balanced pairs of hard-drawn copper, with insulators, crossarms, and 
poles basically the same as used 50 years later. As time went on, 
improved transposition systems were to be introduced to care for 
larger numbers of conductors and later to permit the transmission of 
frequencies far beyond the voice range. These changes were to be 
accompanied by use of improved insulators and means for tensioning 
wire to give uniform sag. The supply of long-life cedar and chestnut 
poles was to become exhausted and means were found to protect the 
more abundant and cheaper woods from decay and make them suitable 
for long-life plant. Yet, important as these developments were, they 
represented no basic change in the open wire line available in the 1890s. 

Similarly, the fundamental cable systems using dry-core construction 
with sealed lead (or lead alloy) sheath had been developed. These 
and the suspension and conduit systems were to remain basically 
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unchanged for many years. This in no way implies that progress in 
developing cable systems stopped in the late nineties. Indeed, the great 
bulk of cable development lay ahead but emphasis changed from 
developing a basic structure to developing this structure into a practical 
and economic reality. Cable manufacturing processes were improved to 
speed fabrication and reduce cost. Crosstalk was reduced by the use 
of staggered-twist pairs, and ultimately the spiraled paper tape used 
on many forms of cable was superseded by pulp insulation. In the 
twenties the earlier idea of using dry air (or nitrogen) under positive 
pressure for testing and for avoiding the entrance of moisture be- 
came practical and its application has since become widespread. These 
were highly valuable developments and essential to the provision 
of telephony of the high quality and low cost which we have today 
but did not fundamentally change the basic structure, designed 
by Patterson and his co-workers, which has continued in use until 
the present. A new structure, the coaxial, was introduced for long-haul 
systems in the thirties, but it was not until the forties and later 
that plastics began to effect fairly fundamental changes in paired 
cable construction. Even today the underlying principle in most 
balanced-cable design is the use of twisted pairs, with thin insula- 
tion, loosely packed in a sheath so that air (or other dry gas) 
forms the significant part of the dielectric. 

It is fair to say, therefore, that the basic physical problems of 
providing transmission media suitable for telephony over short to 
medium distances, strong enough to withstand the elements and capable 
of being compressed into a small space, had been solved by the middle 
nineties; but progress on the problems of longer-distance transmission 
and the problems of cost offered no cause for satisfaction. 

3.3 The Distance Problem 

The distance over which conversations could be conducted was 
severely limited by the attenuation of the lines. As we have noted, 
the problem differed from that encountered by telegraphers in two 
ways. First, the attenuation was much greater at telephone than at 
telegraph frequencies, and somewhat more for the metallic circuit 
required for telephony than for the ground-return telegraph circuit. 
Second, it was relatively easy to “repeat" the telegraph signal (i.e., 
send out a reasonably good facsimile of the original) after attenua- 
tion or distortion had reduced it to the point where it was just 
recognizable. While a similar need to repeat or amplify the telephone 
signal was recognized in the early years of telephony, the problem 
was not to be solved successfully until the next century. 

During the first 25 years of telephony the major contribution to 
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reduced attenuation was the use of copper in place of steel. When, 
for a given size wire, the line had been extended to the point where 
total attenuation was sufficient to render the speech signals un- 
recognizable, the only remedy was to use more copper, i.e., larger 
wire. Wires as large as one-sixth inch in diameter were used for the 
longest distances. 

For open wire, the attenuation per mile was roughly proportional 
to the resistance, so that doubling the limiting transmission distance 
required twice the cross-sectional area of copper. This meant that the 
cost of long-distance lines did not merely increase in direct proportion 
to length; rather, the copper costs tended to increase as the square of 
the distance. This explains to a large extent why growth in long 
distance was slow and limited, as Fig. 4-23 indicates. With the 165- 
mil copper which was considered to be about the largest size 
economically and physically practical, the length over which conver- 
sation could be carried, even with the greatest effort, was not much 
over 1,000 miles. 

Cable made the situation much worse because of high capacitance 
between wires. For practical cables the attenuation per mile in the 
middle of the voice-frequency range was 10 to 25 times as great as 
for common types of open wire, and the limiting length was reduced 
accordingly. Moreover, the attenuation of cable, unlike that of open wire, 
was affected by frequency / and, because of the absence of appreci- 
able inductance, depended almost entirely on resistance and capacitance 
as follows: 

A = iRCf. 

This was a very unfortunate situation since it meant that attenuation 
was greater at high frequencies than at low and telephone technicians, 
long before they understood the cause, learned that increasing the 
length of cable circuits not only reduced the volume of the speech 
but distorted it severely. In addition, because of the square-root 
relationship, the old remedy of "more copper" was less effective than 
with open wire lines since it required four times the cross-sectional 
area to cut the attenuation in half. Thus, for a given limiting 
total attenuation the copper costs increased as the cube of distance. 
Obviously cables were admirable for solving the problem of bulk in 
the cities, where distances were short, but would only have aggravated 
the difficulty of conquering distances. 

A partial solution to the attenuation problem came in a few years 
with the advent of loading, but the final solution, amplification, 
came only during telephony's second quarter-century. 


Wire Transmission 


235 


3.4 The Cost Problem 

It is apparent by now that the first two decades, while bringing 
solutions to the physical problems of line configuration and construc- 
tion, appeared to bring only retrogression from the standpoint of 
cost. The dismay of the early telephone manager can easily be 
imagined when he learned that the single-wire circuit must be re- 
placed by a pair of wires and the relatively inexpensive steel wire 
by costly copper. Then there was further disappointment when it was 
found that much larger wire sizes were needed as the distance was 
extended. And finally, cable, which made it physically possible to use 
very small wires, proved usable only for very short distances. 

Fortunately the technician, even though he did not have the answers, 
had begun to understand the problem. First, there was needed a 
means for reducing attenuation that would be cheaper than adding 
copper. Second, a way must be found to use the circuits more 
efficiently by multiplexing several conversations on a single pair. 

IV. BEGINNING THE TWENTIETH CENTURY 

Although practical solutions for the distance and cost problems had 
not yet been found, the outlook at the turn of the century was 
far from bleak. The preceding ten to fifteen years had seen a 
marked increase in interest in the theoretical aspects of telephone 
transmission, coinciding with a period of healthy reform in the rela- 
tions between theorists and the so-called practical men. If the latter 
could justly complain of the aloofness of the theoreticians and their 
unwillingness to express their results in usable form, it was equally 
appropriate for Lord Rayleigh in 1884 to chide the practical 
electricians “whose ideas [as he put it] do not easily rise above 
ohms and volts." Thus, under the pressure of the telephone 
transmission problem, there was a gradual rapproachement as the 
work of Heaviside, Pupin, Campbell, and others developed a 
theoretical basis for solving these critical problems. In particular, 
Heaviside in Britain demolished the simplistic view of electric 
currents that had been prevalent even into the telegraph age, and 
showed that the propagation of speech currents over wires must be 
understood on the basis of waves — the electrical analogues of 
mechanical waves, as elucidated by the mathematician Lagrange a 
century before, and waves in fluids as studied by Newton a century 
earlier; with the inherent requirement — the sine qua non — for efficient 
transport of any kind of wave: a continuously moving cross- 
shuffle of potential and kinetic energy. It was the kinetic energy. 



236 


Engineering and Science in the Bell System 


lodged in the magnetic field , that had been appropriately ignored for 
the low frequencies of telegraphy, where the counterelectromotive 
force induced by the field was small compared with the potential 
drop in the series resistance. 

As the revelations of Heaviside got across in their full portent, 
there was a diligent search in the telephone laboratories for ways of 
implementation. Thus, during the first quarter of the twentieth 
century an interim solution, in the form of inductive loading, was 
widely implemented, and in addition rudimentary multiplexing schemes 
evolved. Later the development of a practical amplifier lifted the barrier 
on distance, and the amplifier, together with the wave filter, opened 
the way to the use of carrier-current systems. These systems greatly 
extended the use of the multiplex principle and were to prove the most 
significant single factor in the evolution of long-haul and low-cost trans- 
mission systems during the middle portion of the twentieth century. 20 

4.1 Interim Solutions to the Cost and Distance Problems 

4.1.1 Multiplexing — Phantom Circuits 

As noted earlier, the cure of the interference problem carried with it 
a bitter pill indeed, the use of two wires per telephone circuit 
instead of the single wire which had been adequate for telegraphy. The 
notion of countering this setback by using the same wires for more 
than one communication channel must have been in the minds of 
telephone engineers practically from the beginning. 

The first proposal of a telephone multiplex is attributed to Frank 
Jacob in England. Jacob, in 1882, suggested superimposing, by means 
of a Wheatstone Bridge arrangement, additional telephone conversa- 
tions on circuits already carrying a conversation. 21 Several schemes for 
implementing this were proposed, the most significant one being 
shown in a simplified manner in Fig. 4-24a. The superposed circuit, 
for telephone C, soon to be called a "phantom circuit," was carried 
on two metallic circuits already in use for telephones A and B. 
In essence, the current from C was divided into two equal parts 
by means of a resistance bridge and each part transmitted over one 
wire of the pair used for A. Similar arrangements served to combine 
the components at the far end and to provide a return path over the 
pair used for B. Since the phantom currents flowed in the same 
direction over the two wires of the pair, there would be no mutual 
interference between the "phantom" circuit and the "side" circuit 

20 While most of the basic inventions and developments which made carrier 
transmission possible came during that first quarter of the twentieth century, one was 
not to materialize until just afterward. This was the invention of negative feedback by H. 
S. Black in 1927. 

21 F. Jacob; U. S. Patent No. 287,288; filed May 2, 1883; issued October 23, 1883. 
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Fig. 4-24. Development of the phantom circuit: (a) phantom circuit, based on concepts 
of F. Jacob, intended for the simultaneous operation of three telephone circuits over 
two metallic circuits; (b) phantom circuit (scheme of J. J. Carty) using induction or repeat- 
ing coils instead of resistances. A, B, and C are telephone sets. (Redrawn from Rhodes 
1929, Figs. 43 and 54) 

carried metallically on the pair so long as the phantom currents 
were equal in the two wires. 

The resistances proposed by Jacob for deriving the phantom 
circuit provided an easy way to divide the current into two equal 
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parts, i.e., to "balance" the currents between the two wires of a pair, 
but introduced a considerable attenuation to the voice currents. In 
1886, J. J. Carty proposed a scheme for avoiding the major part 
of this loss by using transformers (repeating coils) in place of resistances. 
The Carty equivalent of the Jacob proposal is shown in Fig. 4-24b. 

In theory, the phantom circuit was very simple, but the basic re- 
quirement of precise division of the current into equal parts was not 
easy to achieve at all frequencies within the voice range. Difficulties 
were encountered in attempts to make repeating coils with satisfactory 
balance, and the state of the electrical art at that time was not such 
as to enable even a skillful professional to comprehend all the steps 
involved. Thus for many years the phantom circuit remained scarcely 
more than an interesting scientific curiosity. 

In 1894 and 1895 tests were conducted on phantom circuits on 
interoffice trunk lines in underground cable, and in a few cases 
fairly favorable results were obtained. Then in 1899 tests were made 
on open wire lines with the following results, as reported by C. H. 
Arnold: 

The trunks between Gloversville and Johnstown in their present condition 
cannot be commercially duplexed because it would be impossible to ring 
on the duplexed trunks because the phantom would be too noisy and 
because there would be objectionable crosstalk on the phantoms and on 
certain trunks. Before further duplex tests on aerial lines are made, 
systems of transpositions for duplexed lines should be worked out. 

In the latter part of 1902 a phantom circuit was put into commercial 
operation between Lewiston, Maine, and Berlin, New Hampshire, 
over a transposed line. Although the results were fairly satisfactory, it 
was not until 1903 that really good performance was obtained by re- 
placing the coils originally used in this installation with new repeat 
coils of the toroidal type. 

It was the impetus given to coil design by the exhaustive early 
work on loading (described subsequently) that finally resulted in the 
production and use of phantom deriving coils of the toroidal type 
which, in connection with the working out of suitable plans for 
transposing the wires, put the use of the phantom circuit for open 
wire lines on a commercial basis in the 1904-05 period. 22 

The first transposition system for preventing crosstalk between 
phantom and other circuits was proposed by Carty in a patent issued 
in 1889. As soon as well-balanced coils became available, improve- 
ment followed improvement in rapid sequence, no less than eight 
phantom transposition specifications being issued by Bell engineers 
in a period of about four years, from 1904 to 1908. 


22 Full commercial use of the phantom principle, however, did not come until the 
development, about 1910, of phantom loading and quadded cable. 


Wire Transmission 


239 


The design of cables for phantom circuit operation was considered 
as early as 1894. In April 1895, C. H. Arnold stated in a report 
that the simplest arrangement of wires in a cable for multiplexing 
would seem to be twisted pairs twisted. This arrangement had 
previously been proposed by J. J. Carty. First tests with such a cable 
were unsuccessful in keeping the crosstalk between the phantom and 
side circuits within commercial limits. The basic approach was sound, 
however, and continued development produced in 1910 a successful 
cable made up of “quads,” consisting of twisted pairs twisted 
together. 23 The important refinement was to use manufacturing methods 
giving the greatest possible degree of symmetry in the two conductors 
forming a pair and of the two pairs making up the quad. Different 
pair and phantom twists were used on quads in close proximity. 
Cable cores were built up in layers with successive layers spiraled 
in opposite directions. In installation, the capacitance unbalance be- 
tween pairs was measured and successive lengths spliced so as to 
minimize the accumulation of unbalance. 

These measures made phantoming practical, and after about 
1911 all toll cable manufactured for the Bell System was of the 
quadded type. The use of phantoming on both open wire and cable 
was to grow rapidly on the longer circuits until about 1930 when it 
became apparent that phantoming tended to complicate the application 
of carrier techniques, which in the long run offered much more promise 
as a method of multiplexing. 

The phantom technique could in theory be pushed beyond the gain 
of one circuit for each two pairs. It was, in principle, possible to 
superimpose a “ghost” circuit on two phantoms and an additional 
“wraith" on two “ghosts." These were of more theoretical than 
practical interest, since the gain was small and the difficulty of 
maintaining balance was formidable. “Ghosts" were, however, oc- 
casionally used where the value of an extra circuit was very great, 
as on some submarine cables. Even phantom circuits were limited 
largely to long circuits, since on short circuits the cost of achieving 
good balance could be greater than the copper saving. 

Cost reduction through an increase in the number of circuits 
per pair was the principal benefit from phantoming, but there was an 
additional small bonus applicable to the distance problem. Since the 

23 The multiple twin-quad, adopted by the Bell System, was not the only cable 
structure that could be used for phantom circuits. In Europe, the star-quad has been 
extensively used. In this structure the plane of the wires in one pair is at right 
angles to the plane of the other pair. If this configuration is rigorously maintained, 
there is theoretically no coupling between the pairs. The choice of the multiple twin 
structure for the Bell System was based on a number of practical factors involving 
both manufacture and application which are too complex to discuss here. An important 
consideration was the belief that if phantoming proved to have limited use, the twisted 
side circuits would prove superior to the side circuits of a star-quad. 
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phantom used two conductors in parallel, the resistance was cut in half, 
and since the capacitance was increased by only 50 percent, the 
net result was about a 20 percent reduction in attenuation. As a 
consequence, phantom circuits were for some time preferred over side 
circuits for very long hauls. 

4.1.2 Multiplexing — Composite Circuits 

The phantom principle could also be used for transmitting tele- 
graph signals over pairs in use for telephony. The basic concept is 
illustrated in Fig. 4-25, which shows how a telephone pair can be used 
to provide a ground-return telegraph circuit. This is basically the 
“simplex" circuit, the evolution of which will be described elsewhere. 

From the standpoint of cost reduction and the solution of basic 
transmission problems, the simplex concept was far less significant 
than the composite principle which was first used in 1892 and developed 
into its present form within the next few years. This too was a 
scheme for transmitting telegraph signals over working telephone 
lines. Whereas the simplex telegraph circuit merely replaced a phantom 
telephone path, the composite scheme employed a different principle 
which today we would call “frequency-division" multiplex. 

As we have noted, telegraph signals require only a path for low 
frequencies, roughly under 50 to 100 hertz. Telephony, on the other 
hand, involves much higher frequencies and indeed is quite satis- 
factory in quality if nothing is transmitted below about 300 hertz. 
When this was understood, it became obvious that the two types 
of signals could be transmitted simultaneously over the same pair of 
wires, without mutual interference, if the two frequency bands could 
be kept separate. In the 1880s the Belgian, van Rysselberghe, had ob- 
tained patents on schemes for doing this. 24 These ultimately evolved 
into the “composite" circuit, illustrated in Fig. 4-26. In essence, this 
was a combination of high-pass and low-pass filters separating the 
telegraph and telephone frequencies. It permitted the addition of two 
ground-return telegraph circuits to a metallic telephone circuit. 

Prior to the development of composite telegraphy, signals in the 
telegraph range (roughly about 20 hertz) were used to control 
circuit switching. When this band was used for telegraph, it became 
necessary to develop new signaling techniques. This was done by 
using a frequency of 135 hertz, which fell between the telegraph 
and telephone bands. 

24 F. van Rysselberghe: U. S. Patents Nos. 306,665 (October 14, 1884); 320,987 (June 
10, 1885); 321,404 (June 30, 1885); 322,333 (July 14, 1885); 323,239 (July 28, 1885); 
361,734 (April 26, 1887). In a sense, the basic idea of frequency multiplex had been 
anticipated by Cromwell Fleetwood Varley in British Patent No. 1,044 (April 8, 1870) 
covering the superposition of "tone" signals on dc telegraph by means of rudimentary 
filters. 
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Fig. 4-25. Telegraph simplex based on the Jacob concept. A and A : are telephone 
sets, Tj and T 2 are telegraph sets. (Redrawn from Rhodes 1929, Fig. 52) 


Obviously, compositing was an important contribution to cost reduc- 
tion since the telegraph circuits could bear part of the cost of a metallic 
pair. In retrospect, compositing was perhaps even more important 
as the first application of the frequency-division principle which was 
later to be exploited so extensively in carrier-current telephone 
transmission. 

4.1.3 Inductive Loading 

Well before the end of the nineteenth century the importance of 
minimizing resistance and capacitance to control attenuation was 
appreciated by telephone technicians. In 1854, before the invention 
of the telephone. Lord Kelvin had propounded the so-called KR law 
in connection with telegraph transmission. In essence this "law" 
stated that the maximum speed (characters or impulses per second) of 
telegraph transmission possible over a line was inversely propor- 
tional to the product of the total capacitance K and total resistance R 
of the line. It is obvious that Kelvin was thinking in terms of signal 



Fig. 4-26. Basic "composite" circuit for operating telephone and telegraph systems on 
the same line without interfering with each other. (Redrawn from Jewett 1923, Fig. 12) 
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distortion (intersymbol interference), not attenuation, since he 
specifically stated that the number of current reversals (i.e., signaling 
speed) was independent of the applied emf. 

The telephone problem was different. Here the initially applied 
emf was very small because of the weak transmitting devices avail- 
able, and distance was limited not so much by distortion as by attenua- 
tion, which reduced the signal below the sensitivity of the receiving 
device (or below the interfering noise on the line). Nevertheless, 
prominent telephone technicians agreed that some form of KR 
law was applicable, since telephony required the transmission of 
specific frequencies which imposed an upper limit on the KR product. 
Hence it was felt that the limiting length of transmission could be 
specified in terms of the resistance and capacitance per unit length. 

There was a fair amount of justification for this argument, 
particularly for cable circuits where the attenuation is indeed 
determined by the capacitance-resistance product. There was, perhaps, 
just enough justification to delay a full understanding of the effects of 
the other primary constants. 

A number of people challenged the KR concept, but Oliver Heaviside 
in England probably deserves the credit for expounding most 
completely the theory of electrical transmission. His results appeared in 
a series of papers presented in The Electrician and in the Philosophical 
Magazine beginning in 1873 and continuing until about 1901. 

An outstanding disclosure in Heaviside's work was that series 
inductance could be beneficial at voice frequencies. Today we can 
illustrate this by means of a simplified formula such as the one 
referred to in Section 2.2: 

2 V L 2 V C 

What occurs, when inductance is added, is that the line impedance 
is increased, and a given amount of power can be transferred with 
less current (but at a higher potential). The result is a reduction 
in the series losses (first term of the equation) and an increase in 
the shunt losses (second term). Since the former are usually pre- 
ponderant, there is a net reduction in attenuation until the inductance 
is increased to the point where series and shunt losses are equal. The 
process is somewhat analogous to the use of high-voltage lines for 
long-distance power transmission. 

While these relationships are easy enough to comprehend after 
many years of experience with the transmission equations, it was not 
nearly so easy to appreciate Heaviside's work when it appeared, 
particularly when the KR path had been followed so long. It is 
likewise understandable why the practical telephone man was reluctant 
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to accept the idea that insertion of an additional series impedance 
in the line could improve transmission. There were, however, a number 
of men capable of following the theory and comprehending its 
significance; two outstanding examples in the United States were Pro- 
fessor Michael I. Pupin of Columbia University and Dr. George A. 
Campbell of the Boston laboratory of the American Telephone and 
Telegraph Company. Along with these should be mentioned Dr. 
Hammond V. Hayes, Chief Engineer of AT&TCo, and John Stone Stone 
of his staff. Stone was probably the first member of the American 
telephone community whose interests were almost entirely in the theory 
of transmission. He, as well as Hayes, had been following the 
theory developed by Maxwell, Kelvin, Heaviside, and others and they 
were convinced that the analysis of Heaviside, recognizing the role 
of the magnetic field in propagation of the signal, offered the hope of 
solving some of their problems. Stone, as early as 1894, had 
suggested the use of cable conductors with continuously distributed 
inductance as a means for reducing attenuation, and increasing the 
impedance, of entrance cable in order to provide a better terminating 
impedance or "match" for long-haul open wire lines. In 1897 he 
received a patent on a bimetallic wire to accomplish this. Hayes, im- 
pressed with the potential of the theoretical work, obtained ap- 
propriations to continue it and also, in 1897, recruited Campbell to 
join the small laboratory force. Campbell, a graduate of M.I.T. 
with five years of additional training at Harvard, Paris, Vienna, 
and Gottingen, was the logical person to continue Stone's work when 
the latter resigned in 1899. 

Campbell took over this work in February of 1899 and was soon 
convinced that it would be far more practical to concentrate the 
inductance in "loading" coils introduced at discrete intervals if the ef- 
fects would be equivalent to distributed inductance. He promptly 
developed the necessary theory and in September 1899 experimentally 
verified it in the Boston laboratory using reels of actual cable. Experi- 
mental loading coils were used on two 24-mile cable circuits in 
Boston in May 1900 and on a 670-mile open wire line in July of 
that year. Both installations were later used commercially. 

Shortly before the installation of the experimental cable loading, 
the American Telephone and Telegraph Company learned that Professor 
Pupin of Columbia University had independently worked out a 
theoretical solution of the coil-loading problem and had filed a patent 
application in December 1899. On June 19, 1900, two United States 
patents were issued to Pupin. The conflicting claims of the Pupin 
and Campbell applications resulted in extended interference proceedings 
which ended, on April 6, 1904, in an award to Pupin on the basis of 
two weeks' priority in disclosure. Before the interference action 
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had gone far, Pupin's rights in the invention were purchased to 
protect the AT&TCo interest whichever way the case might be decided. 

While Pupin has commonly received credit for the invention of 
the coil-loaded line (outside of the United States it is referred to as 
a "Pupinized" line), it is only fair to note that he and Campbell were 
working in an era when there was a great expansion in theoretical 
effort, many contributions being made in both Europe and the United 
States. Heaviside had outlined the basic principles in June of 1887 and 
suggested bimetallic wires in which iron was to be one of the metals 
to provide additional inductance, and had also suggested the use of a 
wire insulation impregnated with iron dust. 

In the July 2, 1887, issue of La Lumiere Electrique, the French- 
man, A. Vaschy, likewise suggested that uniformly distributed 
inductance would improve transmission. Again in 1889 he proposed 
to improve transmission "without modifying the state of the line, by 
introducing at certain distances . . . coils offering sufficient self- 
induction and insignificant resistance." But he gave no indication 
of the construction of such coils, or of how they should be spaced. 

In 1893, Professor S. P. Thompson in England suggested techniques 
using inductive shunts and transformers, but these ideas did not 
prove of much practical value. Also in 1893 Heaviside mentioned 
the possible use of series coils and suggested a spacing of 1 
kilometer. He specified the inductance to be used and recommended 
that the inductor make use of a closed magnetic circuit using 
finely divided iron. 

Another way of adding inductance to a cable circuit was proposed 
by Carl Emil Krarup of Copenhagen, his idea being to wind a fine 
wire of soft iron around the copper conductor. A cable with this 
continuous loading was placed between Elsinore and Helsingborg in 
1902. This method of loading was also used on three submarine 
cables installed between Key West and Havana, Cuba, in 1921. These 
cables, each about 115 miles long, were the longest and most 
deeply submerged undersea telephone cables in the world at the time. 
While continuously loaded cables have proved of some importance 
for submarine applications, the use of discrete coils has been almost 
universally preferred for loaded land cables. 

Amongst these and other contributors, Pupin and Campbell 
deserve special recognition since they not only recognized the benefits 
of coil loading but also established the rules under which these 
benefits could be realized. 25 They showed that a continuously 

25 As might be expected, the long litigation, which finally awarded the patent to Pupin 
on the basis of two weeks' prior disclosure, did not end discussion of the merits 
of the case. An interesting and very thorough review of the history by Dr. James E. Brittain 
of the Georgia Institute of Technology appeared in Technology and Culture as recently 
as January 1970 and will be found very rewarding by those who desire details of the 
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loaded line could be simulated by a coil-loaded line when the coils 
were closely spaced, but that the simulation failed with increased 
spacing. The important factor was the length of the wave corresponding 
to the frequency being transmitted. With ten coils per wavelength, 
for example, the equivalence is quite close. Expressing this somewhat 
differently, for a given spacing between coils the simulation is good at 
low frequencies (long wavelengths) and becomes poorer with increasing 
frequency (decreasing wavelength) until a critical or cutoff frequency is 
reached where there are tt (that is, 3.14) coils per wavelength. 26 
Beyond this point, transmission essentially ceases. Thus the cutoff 
frequency is given by: 

f = 

lc TT JLSC 

where 

L = coil inductance 
S = coil spacing in miles 
C = capacitance per mile. 

The benefits ultimately to be realized through the introduction of 
loading on cable are clearly illustrated by the curves of Fig. 4-27, 
drawn many years later. Obviously a large transmission improvement 
was possible with the line when loading was designed to place the 
critical frequency above the important speech components. Not only 
is the attenuation itself reduced, but transmission becomes much more 
uniform over the major part of the passband, thus overcoming the 
undesirable distortion of non-loaded cable. 

To achieve these results, however, much more was required than 
devising rules for coil inductance and spacing. There was at first 
no experience to assist telephone engineers in determining the permis- 
sible cutoff frequency, or to guide them in the actual fabrication of 
good coils for this application. 

Campbell's 1899 tests carried the cutoff up to 11,000 hertz, but for 
the early commercial tests it was reduced to 4,100 hertz. Further 
testing resulted in 1904 in the adoption of 2,300 hertz, this remaining 
the standard until 1918. At that time there commenced a trend 


controversy. Dr. Brittain strongly favors Campbell for reasons which require discussion 
beyond the scope of our history. Regardless of the detailed argument, there is no doubt 
that Campbell played the major part in developing loading in the Bell System (and the many 
administrations that followed Bell practices). Campbell was not only readily available as 
a consultant to the Bell engineers who reduced it to practice but also had provided a 
mathematical analysis more exact and more useful to designers. 

26 The wavelengths referred to here are those of an equivalent loaded line with 
inductance uniformly distributed. Near cutoff the wavelengths on a coil-loaded line are 
shorter than on a uniform line and the actual wavelength at the critical frequency is 
twice the coil spacing. 
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RATIO OF FREQUENCY TO CUTOFF FREQUENCY 

Fig. 4-27. Attenuation-frequency characteristics of loaded and non-loaded No. 19AWG 
cable. [A 1926 curve. Note that attenuation is given in Transmission Units (TU), renamed 
decibels in 1929.] (Redrawn from Shaw and Fondiller 1926, Fig. 1) 
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toward higher cutoffs in order to meet the more stringent require- 
ments of repeatered transmission and to take advantage of improved 
telephone instruments which responded to higher frequencies. Cut- 
off standards have gone through several stages which cannot be 
covered in a brief history, but currently all transmission systems, 
including those employing loading, are designed to transmit frequencies 
from user to user from about 300 up to 3,000-3,300 hertz with only 
minor distortion. 

The coils used in the experiments of 1899-1900 were of the air- 
core solenoidal type. These were unsatisfactory for commercial use. 
For one thing, their resistance was not at all negligible but rather 
reminiscent of Heaviside's speculation that “inductance coils have 
resistance as well, and if this be too great the remedy is worse than 
the disease." Moreover, being large in size, the coils created a 
considerable external magnetic field which could interfere with other 
loaded circuits. By April 1901 a toroidal or doughnut-shaped coil 
had been developed using a core made up of about 10 miles of 
very fine (4-mil diameter) lacquer-insulated iron wire. The toroidal 
form confined most of the magnetic field within the core, the high 
permeability of iron as compared to air reduced the number of 
turns (and resistance) of the inductive winding, and the use of fine 
insulated iron wire for the core reduced eddy current losses. The 
inductive winding was divided into two halves, one half being 
introduced in series with each line wire (see Fig. 4-28). By using a 
single core with two windings, the mutual inductance was added to 
the self-inductance, further reducing the required number of turns 
(and the resistance). 

Many improvements in loading coils have been made since 1901 
(see Figs. 4-29 and 4-30), but the basic principles of the toroidal 
coil with split windings on an iron core designed to minimize eddy 
currents have continued in use. About 1916 the core was changed 
by using powdered iron, with the granules insulated and compressed 
into rings, in place of the iron wire. Later, special heat-treated 
iron alloys (the permalloys), having higher permeability, were 
introduced, further reducing the core size. 

As noted previously, it was the work on loading coils that made 
possible the development, in 1904, of a repeating coil (transformer) 
which met the requirements for deriving phantom circuits. This coil 
opened the way to commercial application of phantoming, but its 
widespread use did not come about until coils could be developed 
for loading the phantom circuits as well as the side circuits. This was 
accomplished in 1910 by using a set of three coils (Fig. 4-31), 
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Fig. 4-28. Early loading coil and circuit. 

one for each side circuit and one for the phantom. While the basic 
design principles were the same, refinements were needed to achieve a 
very high degree of balance and to make the side circuit coils 
essentially non-inductive to the phantom circuit and vice versa. This 
required close magnetic coupling between the line windings in each 
coil, achieved by careful interleaving of the two halves of the winding. 

Early priority in the development of loading was given to open 
wire systems in order to extend the maximum usable communica- 
tion distance. By means of loading, the attenuation of such lines 
could be approximately halved. The open wire application turned out 
to be particularly difficult, requiring protection against lightning 
surges, the maintenance of stable magnetic properties despite these 
surges, the coordination of coil spacing and transpositions, and the 
maintenance of low line leakage. 27 Final standards were not developed 
for a number of years (1905 for 104-mil lines and 1910 for 165- 
mil lines), but sufficient initial progress was made on the manu- 


27 Leakage was a particularly difficult problem in the case of 165-mil lines, for which the 
leakage component was an important part of the total attenuation, even without loading, 
and was aggravated by loading. This accounts for the late development of commercial 
loading for the large-size conductors. The use of suitable double-petticoat insulators played 
a large part in controlling leakage. Originally, molded porcelain was used, but the 
opacity of this material seemed to encourage the nesting of insects under the petticoats 
with consequent impairment of insulation. In a few years porcelain was superseded by 
glass. 
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Fig. 4-29. Six stages in the development of cable loading-coil cores. 
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Fig. 4-30. Six stages in the development of cable loading coils. 

facturing and other problems to permit the introduction of improved 
service on an existing 165-mil line between New York and Chicago 
in November 1901. In May 1902 commercial service was inaugurated 
on three 104-mil loaded open wire lines between Philadelphia and 
Chicago. By 1911 the problems of open wire loading combined with 
phantoming had been solved and a 165-mil phantom group between 
New York and Denver was put into commercial service in May. This 
represented about the maximum practical distance for non-re peatered 
telephone circuits, leaving coast-to-coast service still unrealized. 

Experience gained in developing loading coils for open wire lines 
assisted in the development of satisfactory toroidal-type coils for the 
first commercial loaded cable project, a 19-gauge underground cable 
between New York City and Newark, New Jersey, completed in 
August 1902. Prior to the invention of loading, a relatively expensive 
13-gauge non-loaded cable had been planned for this route. Thus 
from the very beginning the use of loading yielded large economies 
in the cable plant of the metropolitan areas. 

The commercial exploitation of loaded cables went forward rapidly 
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Fig. 4-31. Bell System standard method of loading phantom circuits and their side circuits. 
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after the New York-Newark installation, resulting by 1904 in the adop- 
tion of loading system standards that prevailed for over a decade. 
Figure 4-32 lists characteristics of the first standard loading systems. 

A loaded cable was installed between Boston and Worcester in 
1904, and cables between New York and Philadelphia and between 
New York and New Haven in 1906. 

A sleet storm in 1909, just before the inauguration of President 
Taft, disrupted communication with Washington and painfully empha- 
sized the need for storm-free facilities along the eastern seaboard. 
Plans for a loaded cable using No. 10 and No. 13 B and S gauge 
conductors began the following year. The Philadelphia-Washington sec- 
tion was placed in service in 1912 and the complete Boston- 
Washington service opened in 1913. (The latter circuit employed an 
early repeater of the mechanical type.) 

It was soon appreciated that cable transmission was the field in 
which maximum benefits would be realized from the application of 
loading, and by the end of 1907 about 60,000 loading coils had 
been installed on some 86,000 miles of cable circuit. It has been 
estimated that by the end of 1925 about 1,250,000 coils were in use 
in the Bell System to load about 1,600,000 miles of cable circuits 
and 250,000 miles of open wire. Since the loading coil spacing is 
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Designation 
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ance 

(henrys) 

Coil 
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(miles) 

Approx 

Nominal 

Imped- 

ance 

(ohms) 

Attenuation at 1,000 hertz 
(dB per mile) 

Copper Open Wire 

104-mil dia 

165-mil dia 

Non-loaded 



650 

0.075 


0.033 

Heavy 

0.265 

8 
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0.014 


P.phlp 


19 ga 
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ga 

14 ga 





AWG (B&S) 

AWG 

(B&S) 

AWG (B&S) 
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1.05 

0.74 

0.59 

Light 

0.135 

2.5 

900 

0.51 

0.27 

0.17 

Medium 

0.175 

1.75 

1,300 

0.39 

0.21 

0.14 

Heavy 

0.250 

1.25 

1,800 

0.28 

0.16 

0.11 


Nominal cutoff of all loaded circuits is about 2,300 hertz. 

Open wire attenuation assumes dry line. 

Cable attenuation assumes capacitance of 0.070 mF/mile. 

Later toll cables had capacitances of 0.062 mF/mile and gauges as large as No. 10 
were used giving attenuation of 0.050 dB per mile on side circuits and 0.042 dB 
per mile on phantoms with heavy loading. 

Fig. 4-32. Characteristics of first standard loading systems. 
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much smaller for cable (about 1 mile) than for open wire (about 8 miles), 
this meant that about 95 percent of the coils were on cable. Since 
1925, open wire loading has been discontinued, while cable loading has 
continued on the increase. 

The reason for this rapid growth of cable loading is obvious. 
Loading greatly reduces the distortion inherent in cable and reduces the 
attenuation by a factor of 3 or 4 at 1,000 hertz and much more at 
higher frequencies. To achieve the same reduction in attenuation would 
require roughly a ten-fold increase in copper at an enormously 
greater cost. 

Before the advent of repeaters, loading was essential on long open 
wire circuits since no other practical way existed to extend the 
limiting communication distance. The benefits, however, were not as 
great as on cable. The attenuation was decreased only by a factor of 
about 2, and this was accompanied by some increase in distortion. 
Without loading, open wire was a reasonably distortionless medium, 
and loading tended to introduce certain undesirable transmission ef- 
fects associated with the sharp rise in attenuation near cutoff. In 
addition, by raising the line impedance, loading increased the problems 
of line leakage and crosstalk. Thus, as the repeater art developed, 
it was found that open wire circuits with improved quality and lower 
cost could be obtained by using repeaters, instead of loading, to 
reduce overall attenuation. Years later, beyond the time frame of this 
chapter, the introduction of carrier on cables provided an economic 
alternative to long-haul loaded cable, but even as this is written 
(the mid 1970s), loading continues to be the economic means for 
reducing attenuation on cable circuits only a few miles in length. 

4.2 Longer-Term Solutions to the Transmission Problems 

With the vastly superior facilities at our disposal today, it may be 
hard to appreciate the importance of phantoming and loading to 
the growth of telephony in the early twentieth century. These 
techniques came at a time when cost and attenuation were seriously 
impeding the development of a nationwide system. Within a few 
years phantoming reduced the cost of long circuits by roughly 
a third, while loading not only doubled the maximum communica- 
tion distance but also greatly extended the usefulness of cable 
circuits, previously limited to very short distances. Perhaps the best 
indicator of the importance of these measures is their effective life. 
Phantoming remained an important technique for over a third of a 
century, and loaded circuits are still being added to the telephone 
plant in large numbers after some 65 years. 28 

28 The production for 1974 was 14,500,000 loading coils or well over ten times the total 
number in the plant in 1925. 
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Nevertheless, these measures provided only limited solutions to the 
cost and attenuation problems. The phantom principle, pushed to its 
extreme theoretical capability, could have only doubled the number of 
circuits per pair of wires, and a 50- percent increase proved to be the 
practical limit. Loading could never, even theoretically, overcome fully 
the effects of attenuation; it could only reduce them. In practice, 
reduction by a factor of 3 or 4 on cable and 2 on open wire was 
about all that could be achieved. 

By contrast, the two techniques of amplification and carrier transmis- 
sion, which were soon to follow, provided almost unlimited potential 
for solving the transmission problems when the necessary technology 
for their application had been developed. Today, by the use of carrier 
methods, the capacity of a pair of wires, originally designed for a 
single voice channel, has been increased by a factor of 12 to 16 (much 
more with special structures), while amplification permits the use of 
conductor attenuations three or more orders of magnitude greater 
than those which limited transmission in the early years of the century; 
and it is still not evident that a limit has been reached. 

We now turn to the development of these powerful techniques which 
originated during the second quarter century of telephony and have 
since come to dominate evolution of telephone transmission. 29 

4.2.1 Amplification by Mechanical Means 

As we have noted earlier, it had long been recognized that if 
electrical speech waves, having been attenuated by passage over a long 
line, could be faithfully restored to their original magnitude, they could 
then be transmitted over an extended line. By repetition of this 
process, transmission might then be possible over almost any distance. 
What was needed, therefore, in the parlance of telephone engineers, 
was a source of gain to compensate for the attenuation or loss 
introduced by the line. 

One source of gain for speech signals had long been avail- 
able. The carbon transmitter was not only a converter but also an 
amplifier, supplying electric power some 100 or more times greater 
than the acoustic power impinging on its diaphragm. Thus, a logical 
approach to the amplification problem was to use the attenuated 
speech signals to move the diaphragm of a carbon transmitter, 
which would then yield a much greater energy output by varying the 
resistance of a transmitter controlling the current flow from a local 
source of dc power. Within a few years after the Bell invention, patents 
had been filed by Edison, Thompson, Houston, Hughes, Ludtge, and 

29 Only part of the story is told here since, as related in Chapter 5, these develop- 
ments in wire telephony were closely related to parallel work in radio, effort in each area 
benefiting the other. 
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others for the amplification of speech by means of the receiver- 
transmitter combination. Thomas Lockwood, in reviewing the repeater 
situation in 1896, 30 noted that some 27 U.S. patents on repeaters had 
been issued. Most of the early patents covered minor variations of 
the same basic principle of using a telephone receiver or its equivalent 
to actuate a carbon transmitter but Edison made an important step 
forward by devising circuitry for using the mechanical amplifier as a 
true telephone repeater providing bilateral gain. 31 This was the 21- 
type repeater circuit which is discussed more fully in Section 4.2.4. 
Lockwood in his review stated that by 1896 the art had advanced to 
the point where technical success had been achieved, but doubted 
that the principles so far developed would lead to a repeater that 
would be of practical value in extending the limiting length of trans- 
mission. In his opinion the feebleness of the currents available 
at the end of a long line and the distortion introduced by the 
mechanical structure would restrict the output so much that only a 
negligible amount of line could be added. 

Regardless of the opinion of the experts, the fact remained that in the 
early years of the twentieth century the simple approach of using the 
vibrations of a telephone receiver to actuate a transmitter was still 
the only one that appeared possible. In 1903, H. E. Shreeve was 
assigned the problem of developing a mechanical amplifier, 32 using the 
receiver-transmitter principle. It was recognized by Shreeve and his 
superiors that the requirements for such a device would be very severe, 
since it would have to be sensitive to small inputs, produce an 
adequate output, faithfully reproduce the input wave, and, finally, 
remain stable over long periods of operation. Shreeve first dispensed 
with the diaphragms of the transmitter and receiver. Their normal 
functions relate to the collecting and emitting of actual acoustic 
waves, and he recognized that these were unnecessary features in an 
amplifier for electric waves only. He then developed a mechanical 
linkage, so arranged that the voice currents in the electromagnetic 
receiving coil drove a piston-like rod which was connected directly 
to a plunger acting on the carbon granules of a transmitter. 

A major difficulty encountered in earlier mechanical amplifier de- 
signs had been packing of the carbon granules in the transmitter 
over a period of time. This reduced the transmitter resistance and 
seriously reduced the output. Shreeve found that this packing was due 
to expansion caused by heat generated in the carbon chamber. In his 

30 In a series of three articles appearing in the November 14, 21, and 28 issues of the 
Electrical World. 

31 T. A. Edison; U. S. Patent No. 340,707; filed December 15, 1884; issued April 27, 1886. 

32 These devices are often referred to as “repeaters." It seems somewhat more desirable 
to use the term "amplifier" and retain "repeater" to describe the assembly of amplifiers 
and other equipment required for the practical introduction of gain in a telephone circuit. 


Wire Transmission 


255 


first successful laboratory amplifier he used a stretched steel strip as a 
connecting link between the receiver and the transmitter, the trans- 
mitter being designed so that the expansion of its parts under the 
influence of heat did not subject the granular carbon between the 
electrodes to increased pressure. This device was successfully tested in 
1904 on a circuit between Amesbury, Massachusetts, and Boston. A 
schematic diagram of the basic mechanical element is shown in Fig. 4-33. 

It was recognized that the large inertia of the moving parts of this de- 
vice impaired the quality of reproduction. The moving parts were there- 
fore made lighter and the natural or resonant frequency of the moving 
system increased, resulting in an improved model which was commer- 
cially operated on a circuit between New York and Chicago from August 
1904 to February 1905 (Fig. 4-34). 

In spite of the success of this first commercial installation the amplifier 
was not standardized, since its performance was extremely difficult to 
reproduce. As a partial remedy the sensitivity of the transmitter was 
regulated by a thermostat in the form of a zinc strip, the strip being 
heated by a coil connected in series with the transmitter so that whenever 
the current through the transmitter increased as a result of incipient 
packing, it served to withdraw the rear electrode and thus decreased the 
tendency to pack — an interesting early example of feedback control. 
This device (Fig. 4-35) was coded the 1A "repeater" 33 in 1906. 


33 Although called a repeater at the time it was developed, it was an amplifier under 
the definitions used here. 
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Fig. 4-33. Schematic diagram of a basic mechanical amplifier. 
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The 1A gave fair satisfaction and was used to some extent, but there 
was sufficient distortion of the speech to preclude the use of a number of 
them in tandem on the same line. Since three or more would have 
been required to achieve transcontinental distance, the search for im- 
proved characteristics was continued, resulting in the 3 A (Figs. 4-36 and 
4-37). This amplifier, developed in 1912 and standardized about 1914, 
had a higher natural frequency and incorporated additional compensat- 
ing features. Particularly novel was the use of a plug-in cartridge con- 
taining those working parts which might become defective and therefore 
require replacement. 

The 3A represented the ultimate in mechanical amplifiers and was 
standard for Bell System use until the vacuum tube amplifier was intro- 
duced. Like all mechanical repeaters, its performance was limited by 
distortion, for it was not possible at the time to build a device with the 
necessary efficiency that would also amplify all frequencies equally. 
In addition, the output did not vary linearly with the input, the sensi- 
tivity falling off rapidly at low inputs. As a consequence the signal was 
not faithfully reproduced and the speech quality was further degraded 
with each successive amplifier. Even the best mechanical amplifiers were 
thus limited in use to about three in tandem, so that their employment 
in the telephone plant never became widespread. 34 Even so, the mechan- 
ical amplifier played an important role in the evolution of telephony, for 
the effort going into its development did much to clarify the require- 
ments for a more nearly ideal amplifier and stimulate the invention of 
circuitry for adapting the amplifier to the specific needs of telephone 
communication. Largely because of this early work, it was possible to 
move forward rapidly when a far better amplifying device became 
available a few years later. 

4.2.2 Electronic Amplifiers — The Vacuum Tube 

The search for amplification was not confined to the mechanical 
principle. 35 About 1910, Dr. F. B. Jewett, Transmission and Protection 
Engineer in the Engineering Department of AT&TCo, alive to the need 
for a new approach, told his friend Dr. Robert A. Millikan of the Uni- 
versity of Chicago about the repeater problem and asked him to recom- 
mend a man trained in the “new physics" who could conduct research 


34 The principle was revived about 1940 and a considerable number of mechanical 
amplifiers were used in telephone stations for the hard of hearing (No. 332- and 324- 
type telephone sets). A few years earlier similar amplifiers were used in hearing aids. 

35 As early as 1907, G. A. Campbell, then at the Boston laboratory, appears to have 
recognized the need for investigating the use of the high-speed electron stream as a means 
for solving the amplification problem. The depression of that year and the subsequent 
reorganization which brought about Campbell's move to New York seems to have pre- 
vented the active pursuit of these ideas. 



Fig. 4-34. The Shreeve mechanical amplifier (circa 1904). Fig. 4-35. The early Shreeve 1A repeater. 
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Fig. 4-36. Cartridge-type mechanical repeater. 
(Model 3A cartridge repeater, which became the 
standard type.) 
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in the area. Jewett's statement of the problem, quoted many years later 
by Millikan, shows unusual insight: 

. . . Such a device, in order to follow all of the minute modulations of the 
human voice, must obviously be practically inertialess, and I don't see that 
we are likely to get such an inertialess moving part except by utilizing 
somehow these electron streams which you have been playing with here 
in your research work in physics for the past ten years . . . 

In due course Millikan recommended Dr. H. D. Arnold, who joined the 
newly formed Research Branch of the Engineering Department of 
Western Electric in January 1911. By 1912, Arnold had developed an 
amplifier based on earlier work by Peter Cooper Hewitt on mercury- 
vapor-discharge tubes. In this device a stream of ionized molecules of 
mercury was controlled in deflection by the magnetic field from tele- 
phone currents flowing through a coil transverse to the discharge (Figs. 
4-38 and 4-39). Though capable of amplification and fairly free from dis- 
tortion, it had problems of starting and maintenance such that special 
engineering supervision was necessary in its use, and though units 
were installed experimentally on several lines, including the first trans- 
continental line, such amplifiers were never used commercially. 

Other devices, such as the von Lieben cathode ray type of amplifier 
worked on in Germany, were also examined. The invention from which 
the solution ultimately evolved was disclosed as early as January 15, 
1907, in a U.S. patent granted to Lee de Forest for a "Device for Ampli- 
fying Feeble Electric Currents." 36 Lee de Forest's invention consisted 
first of a heated filament (cathode) emitting electrons which were drawn 
to a plate (anode) charged positively with respect to the filament — as 
already done in the "Fleming Valve," a thermionic type of rectifier of 1904 
based on the "Edison effect" known since 1883. De Forest's very 
essential contribution was to introduce a third or control electrode so 
placed as to influence the flow of electrons to the plate. In the original 
patent the control electrode was shown near the cathode but not in 
the main electron stream. Thus its influence on the electron flow was not 
great; but in a second patent — "Space Telegraphy" — the added elec- 
trode was shown as a grid or screen through which the electrons would 
pass. 37 A potential applied to this grid would, under proper conditions, 
markedly affect the flow of electrons (plate current) while causing but 
little current flow to the grid itself. Thus a small amount of input energy 
to the grid circuit could control a large amount of output power in the 
plate circuit, and since an almost "inertialess" stream of electrons was 
involved, postulated by Jewett as a necessity for a successful amplifier, 
the frequency response was no longer subject to mechanical limitations. 


36 L. de Forest; U.S. Patent No. 841,387; filed October 25, 1906; issued January 15, 1907. 

37 L. de Forest; U.S. Patent No. 879,532; filed January 29, 1907; issued February 18, 1908. 
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For nearly five years this potential application for de Forest's device 
was essentially unrecognized by anyone, even the inventor. For one 
thing, it had been found almost immediately to be a very sensitive 
detector of modulated radio waves, far surpassing any previous means. 
We now know that this was largely attributable to its amplifying capa- 
bilities but at the time the device, called the "audion" by de Forest, was 
merely looked upon as an improved detector and was sold almost ex- 
clusively to enterprising wireless amateurs for this purpose, only a few 
going to experimental laboratories. 38 

In January 1912 Fritz Lowenstein demonstrated to Bell officials an 
amplifier in a sealed box using a device that later was proved to be an 
audion. The equipment amplified erratically and uncertainly but since 
the amplifying device and circuitry were not disclosed at the time, there 
was no basis for judging its potential on that occasion. 39 In the mean- 
time John Stone Stone, who had been in the Boston laboratory of Ameri- 
can Bell from 1890 to 1899 but was now on his own, learned of experi- 
ments, made by de Forest in 1912, aimed at using the audion as an audio 
amplifier. Stone appreciated its amplifying capabilities and, because of 
his background, had recognized its potential value in telephony. He and 
de Forest demonstrated the device as an amplifier to Bell officials on 
October 30 and 31, 1912, with full disclosure of the circuit used. Again 
the performance was erratic and the output too low for a telephone re- 
peater, but the telephone people were impressed with its possibilities 
and organized a project under H. D. Arnold to study the device and the 
circuits to see whether its shortcomings could be overcome. 

Arnold noticed immediately that a blue glow, indicative of ionized 
gas, occurred when the plate voltage was raised in an attempt to increase 
the output. Arnold, unlike others (including de Forest), believed that the 
presence of gas was unnecessary and that its elimination would permit 
the plate voltage to be raised and a larger output power obtained. Pre- 
liminary steps during the next two weeks convinced Arnold that he was 
on the right track, but it was not until April 1913 that a pump giving 


38 L. de Forest was an inventor almost solely interested at this time in wireless. 
There is rather good evidence that, in spite of the broad title of one of the patents, he was 
thinking almost entirely in terms of very weak wireless currents when he invented his 
audion. Though this preoccupation of his is understandable, it is surprising that some- 
one in the field of telephony did not appreciate the potential of the audion before 1912. 
A partial explanation may lie in the state of wireless development at this time which was, 
to a considerable extent, dominated by promoters and stock jobbers — an environment 
not conducive to dissemination of technical knowledge. Robert Marriott, one of the 
founders of the Institute of Radio Engineers, relates in his autobiography the relief he felt 
in 1912 when he joined a Federal regulatory organization and entered into "a job where 
none of my associates sold stock.'' 

39 Several years later, an incidental feature in the box, namely, the "C" battery for 
rendering the grid negative, proved to be vital and the right to use was purchased by the 
Bell Company from Lowenstein. 
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the necessary high vacuum 40 had been obtained from Germany. By 
October 18 of that year, less than 12 months after the Stone-de 
Forest demonstration, tubes had been built and tested on commercial 
circuits between New York and Baltimore. In July 1914 vacuum tube 
amplifiers (Fig. 4-40) were used on the transcontinental line to go into 
commercial use six months later. The mechanical amplifiers which had 
been built for this service as well as the Arnold mercury-arc amplifiers 
were installed on a standby basis but never used commercially. 

Thus the “audion" or electron tube, within a year after being brought 
to Arnold's attention, was developed into the long-sought telephone 
amplifier; but its usefulness was to extend far beyond amplification of 
the voice. The amplifying property made it easy to generate oscillations 
or electric waves of any desired frequency by coupling output to input 
through suitable control circuits. Already used as a “detector” or 
demodulator of electric signals, the device was soon found capable of 
serving also as a modulator. 41 Circuitry for all of these applications 


40 Irving Langmuir of General Electric also pursued the high -vacuum path in improving 
the vacuum tube, and applied for a patent in 1913, which was issued in 1925. After long 
litigation the U. S. Supreme Court declared the patent invalid on the basis that the use of a 
high vacuum was "a natural development of the art," citing the prior work of Arnold and 
others. A more complete treatment of early vacuum tube development is given in Chapter 8, 
Section VII. 

41 Modulation and demodulation are explained briefly in Section 4.2.5. 



Fig. 4-40. Vacuum tube used in repeaters on the first transcontinental telephone line. 
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was rapidly developed by Arnold, van der Bijl , R. V. L. Hartley, 
E. H. Colpitts, R. A. Heising, and many other Bell engineers. 

Chapter 5 will discuss some of this circuitry and its application 
to the evolution of radio telephony. Elsewhere, more will be said about 
the development of the crude audion into the sophisticated and reliable 
device that has played such a large part in the growth of electrical com- 
munication, but before we leave this subject we should mention the 
important contribution of H. J. van der Bijl. 42 He was largely responsible 
for analyzing tube performance in terms of simple parameters and 
establishing techniques for designing circuits with performance predict- 
able from these parameters. This work was reported in a number of 
publications, beginning about 1913, and culminated in the 1920 book. 
The Thermionic Vacuum Tube audits Applications, which guided designers 
for many years. 

4.2.3 The Transcontinental Line 

At this point we digress from our discussion of specific technical 
developments to note a highly important event in the evolution of 
telephony — the opening in January 1915 of telephone service between 
New York and San Francisco (Fig. 4-41), a major step in the conquest 
of distance. If any doubt still lingered that the Bell System concept of 
worldwide telephony would be achieved, it was surely dispelled later 
in the same year when wireless waves carrying speech, sent out from 
Arlington, Virginia, were received in both Paris and Honolulu. By the 
end of 1915, fundamental technical barriers to the problem of distance 
had been largely overcome. 

The wireless story will be told in Chapter 5. Here we should note that 
the establishment of transcontinental service was a crowning achieve- 
ment of 40 years of development in transmission over wires. 

Most of this New York-San Francisco line was built of No. 8 (BWG) 
copper (diameter about % inch), weighing 870 pounds per loop mile. 
Supported on 130,000 poles, the weight of copper in the line totaled 
2,500 tons. Loading coils were placed every 8 miles, and the line was pro- 
vided with three 2- way vacuum tube repeaters. Early in 1915 three more 
repeater points were added, 43 and in 1918 two more for a total of eight. 

The application of loading to this line reduced the usable bandwidth 
to about 900 hertz, giving poor intelligibility to the transmitted speech. 44 


42 Van der Bijl returned to his native South Africa in 1920 and took a leading part in the 
scientific and industrial development of his country, becoming Director-General of 
Supplies during World War II. 

43 The original line with three repeaters was, in a sense, an experimental installation 
to prove the feasibility of transcontinental telephony and the vacuum tube repeater. There 
was, however, some commercial use. 

44 As noted previously, the theoretical cutoff frequency of the loading systems in use 
at the time was about 2,300 hertz, but the attenuation of the line increased rapidly with 
frequency and little useful power was transmitted above 1,250 hertz. Repeating coils. 
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Fig. 4-41. Opening of the first transcontinental telephone line on January 25, 1915. Seated at the table in the New York City offices of 
the American Telephone and Telegraph Company are, left to right: J. J. Carty, AT&TCo Chief Engineer; G. McAneny, President of the New 
York City Board of Alderman; U. N. Bethell, AT&TCo Senior Vice President; Alexander Graham Bell; Mayor J. P. Mitchell of New York City; 
C. E. Yost, President of the Nebraska Telephone Company; and Comptroller W. A. Pendergast of New York City. A similar group, including 
Thomas A. Watson, was in the San Francisco offices of the Pacific Telephone and Telegraph Company (Mills et al. 1940, p. 30) 
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As repeaters were improved, it became possible to space them more 
closely and thus provide enough gain without the use of loading. In 1920 
the transcontinental line was unloaded and equipped with 12 repeaters 
using 3,000-hertz filters. As a result, the transmission band was 
doubled, the loss cut about in half, and the speed of propagation in- 
creased by a factor of 3.5. This last factor greatly reduced the effect of 
echoes, which, we shall see, can seriously impair transmission on long 
loaded circuits. 

The problem of cost was still not solved. The charge for a 3-minute 
call in 1915 was $20.70. Means for reducing the cost of the service, as 
well as improving the quality, have been the goals of transmission de- 
velopment ever since this epochal triumph over distance in 1915. 
Accordingly, after this brief recognition of a milestone in telephone 
history, we return to the development of technology. 

4.2.4 Adapting Amplifiers to the Telephone Line 

While a suitable amplifying device was the key to solving the attenua- 
tion problem, its successful application to telephony required much 
ingenuity. Fortunately some of the basic needs had been recognized early 
in the search for amplification when mechanical amplifiers offered the 
only prospect for introducing gain. The development of circuitry for 
introduction of amplification accordingly proceeded in parallel with de- 
velopment of the amplifying devices themselves. 

One complication arose from the fact that telephone pairs were nor- 
mally used for transmission in both directions at once. Thus a telephone 
“repeater,” to be used in a conventional two-way telephone circuit, had 
to provide gain in each direction, while amplifiers are normally one-way 
devices with separate input and output terminals. The solution of this 
problem was complicated by the fact that if amplified currents found 
their way back to the input they would again be amplified, with the 
consequent possibility of oscillation or "singing” at a frequency deter- 
mined by the circuit constants. 

Several solutions to this seemingly difficult problem had been pro- 
posed. One of the first was the ingenious circuitry shown in Fig. 4-42. 
This was referred to as the 21-type repeater since it provided two-way 
transmission with one amplifying device. 45 With this circuitry the output 
currents were divided between the eastbound and the westbound lines 
so that if these were precisely alike, none of the output was returned to 


composite circuits, etc., cut off the lower end of the speech band and limited ef- 
fective transmission to frequencies above 350 hertz; hence the bandwidth figure of 900 
hertz given above. 

45 The principle is essentially the same as disclosed in the Edison patent of 1886 (No. 
340,707) mentioned earlier. 
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Fig. 4-42. Block diagram of the 21-type repeater circuit. 


the amplifier input. If, however, the two lines were not precisely alike, 
some of the output was returned to the input, depending upon the de- 
gree of symmetry or "balance,” and singing would occur unless the 
amplifier gain was reduced to the point where it was less than the loss in 
the path coupling output to input. In actual practice it was never possible 
to make two lines precisely alike and the amount of gain achievable with 
a 21-type repeater was severely limited. 

George Campbell had studied this problem in 1912 (when mechanical 
amplifiers were still the only source of gain) and had provided an analysis 
of the balance requirements. He concluded that the 22- type 46 of repeater, 
shown in Fig. 4-43, would be greatly superior to the apparently simpler 
21-type. This arrangement required two amplifiers for two-way trans- 
mission but there were important compensations. Each line was con- 
nected to the input of one amplifier and the output of another by means 
of a so-called "hybrid coil," a transformer arrangement with four points 
of access. When the line was balanced by an identical artificial line, or 
"network," connected as shown, there was equal division of the ampli- 
fier output between the real line and the network and no transfer of 
energy across the hybrid to the input of the other amplifier. One 
advantage of this arrangement was that since each line was balanced by 

46 The 22-type repeater was not new. It had been invented by W. L. Richards in 
1895, long before practical amplifiers were available. At first it was believed that the 
balancing networks would have to be complex multisection lines, but Campbell found a 
simple solution using a basic 3-element network plus a few "building out" components. 
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Fig. 4-43. The 22-type repeater. (Redrawn from Bouton 1938, p. 116) 


its own network, the two lines did not have to be alike (e.g., one could 
be cable and the other open wire). It also turned out that the allowable 
unbalance of each line was about double that with the 21-type repeater, 
and singing did not occur with even very bad unbalance on one line if 
balance was adequate on the other. 

Even so, practical requirements limited the balance (and gain) rather 
severely. Campbell made numerous suggestions for improving repeater 
operation, including one which must have appeared unbelievably radi- 
cal. He pointed out that the path of the 22-type repeater circuit shown 
dashed in Fig. 4-43 could be stretched out and even include additional 
line and one-way amplifiers, as indicated in Fig. 4-44. A two-path 
voice -frequency telephone circuit, such a s this, is usually spoken of as a 4- 
wire circuit. The apparent extravagance in the use of line conductors by 
4-wire circuits is offset by the fact that much higher repeater gains are 
allowable than in 2-wire circuits, and accordingly smaller wires may be 
employed or the amplifiers may be spaced farther apart. This idea was 
tested with mechanical amplifiers in 1913 and was used commercially 
in April 1915 with electron tube amplifiers on a 450-mile cable circuit 
between Boston and Washington. Because of the high gains possible, 
and the consequent large saving in copper, this 4-wire technique was to 
prove the answer for many years to the economic use of essentially 
storm-proof cable for long-distance service. By 1925, 4- wire cable circuits 
were introduced between New York and Chicago and by 1933 New 
York- Dallas cables were in service. By this time the technical problems 
had essentially been solved for transcontinental-length circuits, but 
before these could be introduced a better solution was provided by 
other techniques using carrier multiplex. 

Although 4-wire transmission was the preferred technique for long- 
distance cables, the use of 2-wire with 22-type repeaters was preferable 
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Fig. 4-44. Four-wire circuit for a two-path voice-frequency circuit. (Redrawn from Bouton 1938, p. 117) 
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for open wire since the conductor size, largely dictated by physical con- 
ditions, could not be reduced sufficiently to pay for the extra pair of wires. 

Present-day readers familiar with the extreme miniaturization of 
circuitry achieved in recent years will be interested to see the amount 
and kinds of apparatus required for a repeater with the technology avail- 
able in the first quarter of the twentieth century. The wall-mounted 
repeaters used in 1915 on the transcontinental line are pictured in Figs. 
4-45 and 4-46. In 1917 these were replaced by the floor-type repeater of 
Fig. 4-47, which shows the beginning of the relay rack type of mounting. 
In all of these it is difficult at first glance to find the electron tube. While 
this was the vital element without which a successful repeater could not 
be built, it was physically a very small part of the complex apparatus 
required to make it function in a working telephone circuit. For many 
years the physical bulk and the cost of a repeater resided largely in the 
devices for deriving one-way circuits, for controlling gain, for protection 
against lightning, for bypassing signaling and telegraph, etc. Some re- 
duction in size was achieved by 1920 when the Reading-type repeater 
of Figs. 4-48 and 4-49 was introduced, and in 1923 the Type 22A-1 vacuum 
tube repeater (Fig. 4-50) was put in production. This repeater, which 
could be used with either open wire or cable, remained the standard for 
many years. It should be noted that, at about this time, it became the 
practice to mount apparatus required for different functions on separate 
racks in order to achieve greater flexibility in installation and modifica- 
tion with plant growth. Accordingly, the photograph of the 22A-1 re- 
peater does not include all the types of equipment (e.g., telegraph 
bypass, etc.) shown in the earlier photographs. 

While the adaptation of a one-way amplifier to the two-way telephone 
line was the outstanding initial problem in the use of gain, others were 
soon to become apparent. Some of the more outstanding were: 

(/) Equalization of frequency response 

(ii) Regulation of gain 

(iii) Control of echo. 

As we have noted, the increase in attenuation with frequency which is 
characteristic of cable circuits produced highly objectionable distortion 
of the voice sounds, an effect greatly reduced by the use of loading; yet 
even small variations in the attenuation-frequency characteristics could 
become important in the case of very long circuits in which undistorted 
or "flat" amplification was employed to reduce the overall loss. On open 
wire lines the solution was easy. The distortion was introduced largely 
by the loading itself and the return to non-loaded lines, when repeaters 
became available, provided not only less distortion but also a less 
expensive line, since repeaters were cheaper than loading. This solution 
was not possible with cable because of its inherent distortion. Two means 
were resorted to: one, an increase in the cutoff frequency of the loading 



Fig. 4-45. A group of the first vacuum tube repeaters installed at Brushton, Pa., on the transcontinental line 
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Fig. 4-46. One of the repeaters of Fig. 4-45 with the cover removed 



Fig. 4-47. Floor-type repeater which replaced Fig. 4-45 units in 
1917. Equipment for one 2-wire circuit of loaded or non-loaded open 
wire 


line (22-type repeater circuit), (a) Front view, (b) Side view 
(c) Rear view. 
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Fig. 4-48. Front view of Reading-type repeater. Equipment for one 2-wire circuit of 
loaded cable (22-type repeater circuit). 



Fig. 4-49. Rear view of Reading-type repeater. 
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Fig. 4-50. Type 22A-1 vacuum tube repeater. 

system, giving a flatter attenuation characteristic; the other, introduction 
(in the repeater) of equalizers having attenuation characteristics inverse 
to those of the line. In this way the repeater gain could be made equal 
at all frequencies to the line loss. The design of these equalizing networks, 
including filters to prevent amplification at frequencies where line 
balance was difficult to achieve, was one of the outgrowths of Campbell's 
work on the mathematical theory of the loaded line. 

The attenuation of any line is dependent on temperature, rather large 
relative changes (5 to 10 percent) being possible from winter to summer 
or even between day and night. For lines with small attenuation these 
changes are unimportant, but as amplifiers permitted the use of very 
large attenuations, a 5- or 10-percent change with temperature became 
prohibitive on an absolute basis. The solution was the development of 
automatic regulation, i.e., devices to adjust the repeater gain to com- 
pensate for the effects of temperature. An early solution, introduced in 
1923, was the pilot wire regulator. This device measured the resistance of 
a "pilot" wire in the cable and by means of a simple "computer" 
determined the gain required and adjusted all the repeaters using the 
cable accordingly. 

The problem of echo was the most complicated of all. At any point in 
a circuit where an electric wave meets a discontinuity, a portion of the 
wave is reflected back to the sending end and is heard by the talker as an 
echo. These discontinuities may occur anywhere along the line due to 
irregular spacing of loading coils, mismatch between lines and balancing 
networks, etc., but the most common source is the impedance mismatch 
between the line and the terminating telephone station. The echo is not 
troublesome if it is small oris not greatly delayed in its return. For practi- 
cal conditions any echo which returns to the talker in less than 40 or 50 
milliseconds is not objectionable. For circuits which propagate waves 
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near the speed of light (186,000 miles per second) echoes are not trouble- 
some for circuit lengths of 3,000 to 4,000 miles. However, when a circuit 
is loaded to reduce attenuation, one of the attendant penalties is a 
reduction in speed of propagation to 10,000-20,000 miles per second. 
Thus in a circuit 1,000 miles long having a 10,000-mile speed, 100 milli- 
seconds are required for the wave to travel to the end and another 100 
milliseconds for the echo to return. Such a delayed echo, if strong, can 
make conversations almost impossible. This problem was studied ex- 
tensively as long-distance circuits were developed, and a practical solu- 
tion was achieved in the early 1920s with the development of the echo 
suppressor. Later, as we shall see, the echo difficulty was greatly reduced 
with the use of high-speed carrier circuits and did not again become 
serious until recent years when submarine cable and satellite circuits 
extended communication to distances of many thousands of miles. 

The action of an echo suppressor can best be described in connection 
with a 4-wire circuit. In an oversimplified form the arrangement con- 
sists of relays so connected that the return path of the 4-wire circuit is 
short-circuited whenever the forward path is in use (Fig. 4-51). This 
was accomplished by bridging two similar high-impedance amplifier- 
detectors across the two sides of the 4-wire circuit, each amplifier- 
detector having an associated relay which operates whenever an alternat- 
ing voltage of sufficient strength is present (Fig. 4-52). The operation of 



Fig. 4-51. Basic operation of echo suppressor in a 4-wire circuit. 











Fig. 4-52. Simplified circuit di 
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of one-half of a 4-wire echo suppressor, corresponding to either block E-W or W-E of Fig. 4-51. 
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either relay, due to strong speech on one side of the 4-wire circuit, places 
a short circuit across the opposite side, thereby not only blocking pas- 
sage of any signal on that side but also insuring that the other relay 
will not be actuated and short-circuit the first side. A similar effect 
could be achieved by opening instead of closing appropriate circuits. 

A number of echo suppressors were placed on 4-wire lines in Harris- 
burg, Pennsylvania, during 1924 (Fig. 4-53). Techniques were also de- 
veloped about this time for applying echo suppressors to 2-wire lines. 

The basic method of echo suppression outlined above continues to 
be used and has been successful in almost completely eliminating 
echoes, but does introduce some transmission impairments of its own 
which tend to be characteristic of voice-operated devices. One short- 
coming of the echo suppressor is the limiting of transmission to only 
one direction at a time. Thus there is difficulty in breaking into a flow of 
speech once started, so that the natural two-way flow of conversation is 
impeded. In more recent years some rather sophisticated techniques 
have been introduced so that the modem echo suppressor has improved 
break-in characteristics and better behavior in several other respects. 

With echoes under reasonable control, and with means available for 
amplification, equalization, and regulation, it would have been 
technically possible to provide cable circuits over transcontinental 
distances — a desirable objective in the interest of maintaining 
trouble-free service. The problem of costs, however, had not been fully 
solved in spite of the many economies made possible by the electron 
tube amplifier. 

It will be recalled that the initial impact of the vacuum tube 
telephone repeater had been on open wire transmission, where it 
made transcontinental telephony possible without using conductors so 
large as to be completely uneconomic. The repeater was now proving 
its effectiveness in the economics of cable transmission; by the 1920s, 
even the longest cable circuits employed 19-gauge (36-mil diameter) 
conductor in place of the earlier 13-gauge (72-mil diameter) conduc- 
tors. But this saving was offset to some degree as 4- wire transmission 
began to replace 2-wire for greater stability on the longer cable routes, 
so that even with phantoming, only three-fourths of a two-way 
telephone circuit was available per pair of wires. As repeaters were 
reduced in cost, some further economies could be made by trading off 
additional repeaters for reduction in wire diameter, but potential for 
such improvements was definitely limited by physical restrictions on 
wire size. A satisfactory solution of the cost problem required 
transmission facilities much less costly than promised by this 
approach; facilities that would permit rates so low that long-distance 
calls would become a commonplace, not a rarity. 

What was needed was a fundamentally new transmission technique 
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Fig. 4-53. An early echo suppressor 
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that would permit a more efficient use of the conductors. This advance 
came in the form of carrier multiplexing, applied first to open wire and 
later to cable. This development, now to be described, permitted the 
use of a single set of conductors for a number of telephone 
conversations, ultimately a large number. It proved to be a technical 
innovation of far-reaching consequence in the reduction of transmis- 
sion costs and the resulting stimulation of toll usage. 

4.2.5 Carrier Multiplexing 

The basic concept of increasing line capacity by carrier multiplexing 
is older than telephony. It will be recalled from Section II of Chapter 1 
that Bell was experimenting with telegraph multiplex (which he called 
the "harmonic” telegraph) when he recognized the possibility of 
transmitting the voice. 

The primitive form of carrier multiplexing involved in the telegraph 
application consisted merely in permitting the telegraph key to break 
up the flow of an intermittent or alternating current, instead of steady 
or direct current, into the appropriate coded sequence of impulses. 
The alternating current or tone is referred to as the "carrier" of 
information, and the key or other device is said to "modulate" this 
carrier. By using different tones for different messages, they can all be 
sent over the same wires (i.e., multiplexed) and decoded at the distant 
end if means exist for filtering or separating the tones. 

This was all pretty well appreciated in the 1870s and 1880s and 
various schemes for telegraph multiplexing were proposed by Gray, 
Bell, Van Rysselberghe, Edison, Mercadier, and others. These early 
schemes depended on the use of mechanical resonance 47 for generating 
and separating the tones, but in the early 1890s Pupin at Columbia, 
Stone at American Bell, and Leblanc in France had made somewhat 
more sophisticated proposals employing electrical resonance or tuned 
circuits. Pupin was adjudged the earliest inventor in the United States. 
His patent included not only the use of electrical resonance for 
discriminating between the received tones but also the use of a 
"detector" to convert the received pulses of tone into dc pulses. 

While the early work on multiplexing was concerned with teleg- 
raphy, the Frenchmen Hutin and Leblanc pointed out as early as 1891 
the possibility of using the same basic idea for telephony. In the 
United States, John Stone Stone was working along the same lines and 

47 The mathematician Maxwell had perceived, as early as 1868, the analogy between 
electrical resonance in a circuit containing capacitance and inductance and the already well- 
known mechanical resonance of a system involving a mass and a spring; but at that early 
date there was no profession of electrical engineering and, as we have already observed 
in connection with Heaviside and his work in transmission theory, there were few channels 
of communication between the analysts and the practitioners. 
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tested a system in the laboratory of the American Bell Telephone 
Company in 1894. Thus, by the middle 1890s the basic requirements 
for carrier multiplex telephony were known, but the devices to make it 
practical were unavailable. 

The devices needed were: first, a source of continuous tone (or 
carrier) at a frequency well above the maximum voice frequency 
conveyed; second, a “modulator" to impress the voice currents on the 
carrier so that it could convey the intelligence; third, a means for 
separating the various modulated carriers at the receiving end; and 
finally, a means for demodulating the received carrier, i.e., deriving 
the voice wave originally impressed on it. In addition, it was 
necessary to adapt telephone lines for carrying the high frequencies 
involved so as to overcome the effects of attenuation and interference 
(or crosstalk) between pairs. Both of these effects were more serious at 
carrier frequencies than at voice frequencies. 

In the experiments carried out in the years up to about 1912, 
carrier-frequency currents were mainly generated by electric arcs or 
high-frequency alternators, these currents then being modulated by a 
carbon transmitter and demodulated or converted to audio by a crystal 
or other type of rectifier. Frequency separation was accomplished by 
tuning resonant circuits. These, it will be recognized, were the 
techniques of early wireless telephony, and carrier telephony as 
contemplated at this time was often called wired wireless, much of the 
work being done by those primarily concerned with wireless com- 
munication such as Ernst Ruhmer in Europe (1908) and Major George 
O. Squier in the United States (1910-11). 

None of these components could be called really practical. Arc 
oscillators were not very stable and alternators were ponderous. The 
carbon transmitter was a very inefficient modulator for high-frequency 
currents, and crystal detectors were highly unstable. Resonant circuits 
could be built for selecting the narrow bands of frequencies required 
for manually keyed telegraphy; but although modulation theory had 
not been developed, there was general awareness that a carrier 
modulated by the voice could no longer be considered as a single 
frequency but involved a band of frequencies related to the frequency 
spectrum of the voice itself. This meant that conventional tuned 
circuits sufficiently selective to prevent interference between the 
several speech channels would inevitably introduce large amounts of 
distortion, due to discrimination within a desired band, unless the 
carrier frequencies were widely separated. Finally, the attenuation of 
telephone lines at the higher frequencies prevented use over practical 
distances without amplification. 

The state of the carrier art in 1912 is clearly brought out in a 
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contemporary paper by John Stone Stone. 48 Stone, who earlier had 
worked at the Boston laboratory of American Bell, was at this time an 
independent worker with a broad theoretical background and long 
communication experience. He was an early enthusiast for carrier 
multiplex, his paper opening with the statement, "A new art has been 
born to us. The infant art of high-frequency multiplex telephony and 
telegraphy is the latest addition to our brood of young electric arts." 
His paper showed a good understanding of the promise of this new art 
but reading it in retrospect we can also see quite clearly the limitations 
of the technology proposed for implementing the principle. Most of 
these limitations have been mentioned in the previous paragraph but 
the paper gives emphasis to the importance of the Campbell wave 
filter, the modulation theory developed by Carson, and the critical 
problem of crosstalk between pairs. 

By about 1914, concerted attacks on these problems in the Bell 
System were commencing to bear fruit. The electron tube quickly 
extended its versatility and became a stable device for tone generation 
(oscillation), for amplification, and for modulation and demodula- 
tion. 49 Van der Bijl and Heising in the Western Electric Engineering 
Department showed how the non-linear portion of an electron tube 
characteristic could be utilized to modulate and demodulate. The 
problem of selective transmission of frequency bands was solved by 
G. A. Campbell's invention of the wave filter. Continuing on in the 
Engineering Department of AT&TCo after his work on loading, 
Campbell by 1910 had devised various types of selective circuits which 
could limit the transmitted frequencies to those below a specified 
frequency, or above a specified frequency, or within a particular range 
of frequencies. These circuits, made up of inductances and capaci- 
tances, were referred to respectively as low-pass, high-pass, and 
band-bass filters. A typical band-pass filter used in an early carrier 
system is shown schematically in Fig. 4-54, together with its frequency 
transmission characteristics. This particular filter was designed to 
transmit a band of frequencies about 2,000 hertz wide with little 
distortion or non-uniformity and to offer high attenuation at any 
frequencies 1,000 hertz or more outside of this band. It was thus 
possible, by using a set of such filters, to have carrier channels close 
together with little mutual interference, a result quite unattainable 
with circuits previously known. It would thus be no exaggeration to 

48 "The Practical Aspects of the Propagation of High-Frequency Electric Waves Along 
Wires," published in the Journal of the Franklin Institute for October 1912. 

49 Later, copper-oxide rectifiers were to replace the electron tube in the modulation and 
demodulation functions in carrier systems, but the electron tube was used in the first 
commercially successful systems. 
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Fig. 4-54. Band-pass filter. (Redrawn from Colpitts and Blackwell 1921, Fig. 14) 


state that the wave filter was fully as essential as the electron tube to 
the successful development of carrier transmission. 50 

Concurrently with these achievements, a better understanding of 
modulation and the modulated- wave frequency spectrum was de- 
veloped. The laboratory notebook of a young Western Electric 
engineer, C. R. Englund, for August of 1914 shows the geometrical 
relationships of carrier and sideband waves as worked out by him, 
and in 1915 J. R. Carson published a mathematical analysis of the 
modulation and demodulation process, showing that when a carrier c 
and a voice wave v were passed through a non-linear device, the 
output contained not only the input frequencies of c and v but also 

50 As this is written, in the mid 1970s, the electron tube has been entirely superseded 
by electronic solid-state devices, but the wave filter in highly developed form remains 
an essential component of all frequency-division carrier systems. 



Wire Transmission 


281 


“sidebands" of frequencies on each side of the carrier. As illustrated 
in Fig. 4-55, the lower sideband contained the frequencies c — v and 
the upper sideband c + v. Additional frequencies might also be 
inadvertently generated but could be eliminated by wave filters, 
leaving only the desired carrier and its sidebands. Carson showed that 
when the carrier and its sidebands were again passed through a 
non-linear device (detector or demodulator) the original voice frequen- 
cies were included in the output along with other, undesired, 
frequencies which could be filtered out. Carson further showed that it 
was not necessary to transmit the carrier and both sidebands, one 
sideband being sufficient to convey the full information. At the 
receiving end, this single sideband could be demodulated to produce 
the original voice wave by supplying a local carrier of the same 
frequency as the original. 51 This type of carrier transmission (known as 
single sideband, carrier suppressed) is highly advantageous, requiring 
only half the frequency space of double sideband and simplifying the 
design of repeaters, since suppression of the carrier greatly reduces the 
electrical power on the line. When this was understood, modulator 
circuits were devised for balancing out the carrier, the ever-useful 
wave filter then being employed to suppress the unwanted sideband. 
It can thus be seen that with single-sideband, carrier-suppressed 
transmission, the modulation and demodulation processes are, in 
effect, means for frequency shifting. Referring to Fig. 4-55, it can be 
seen that the upper sideband is the same as the original voice wave 
but with each frequency component shifted upward in frequency by 
the frequency of the carrier. Thus it was possible to take a number of 
voice channels, each necessarily arriving over its own pair of wires, 
and shift each one by a different amount so that they were spread out 

51 Actually, with single-sideband transmission, the original voice is reproduced satis- 
factorily if the resupplied carrier is within a few hertz of the original carrier. 



Fig. 4-55. The modulation process. 
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in frequency with no overlap as illustrated in Fig. 4-56. They could 
then all be transmitted over a single circuit and amplified together in 
common repeaters, to be eventually separated out by wave filters and 
the original waves derived through demodulation. This is the power 
of carrier multiplex. 

While these basic contributions were being made, the development 
of working systems was being actively pursued. By 1914, simple 
carrier circuits, of which Fig. 4-57 is representative, were successfully 
tested in the laboratory, after which a complete multiplex telephone 
system was built for operation over an artificial line. This laboratory 
apparatus (Fig. 4-58) was then installed in 1917 52 on an experimental 
basis at Maumee, Ohio (near Toledo). This equipment was used with 
highly successful results over a specially transposed commercial line to 
South Bend, Indiana, at which point a repeater was installed and the 
circuit looped back to Maumee. 

The first commercial carrier system, installed between Baltimore and 
Pittsburgh in 1918, provided four two-way carrier channels above the 
voice channel on open wire pairs in the frequency range between 5 
and 25 kHz. This installation used the Maumee equipment at 
Pittsburgh, but new and more compact apparatus was built for 
Baltimore and was subsequently standardized as Type A carrier. One 
of the longest Type A installations was between Chicago and 
Harrisburg. The terminal installation at the former location is shown 
in Fig. 4-59. 

In the Type A system, each channel used the same frequency for 
both directions of transmission, the necessary directional discrimina- 
tion being secured by hybrid-coil balance at terminals and repeater 
stations. The lower sidebands of carrier frequencies at 10, 15, 20, and 

52 Somewhat earlier, in January of 1917, a carrier multiplex telephone system operat- 
ing over radio channels was installed by the Bell System on several U. S. Navy ships. 



Fig. 4 -56. Frequency translation. 
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Fig. 4-57. Simplified block diagram of a 3-channel carrier system. 
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Fig. 4-58. Type A carrier telephone system — experimental equipment used in original 
carrier transmission tests at Maumee, Ohio, in 1917. 

25 kHz were employed, with the carrier suppressed. Seven Type A 
systems were ultimately installed, the last one remaining in service 
until the 1940s. 

The Type A system, by employing the same frequencies for both direc- 
tions of transmission (i.e., 2-wire transmission), as was common for 
open wire voice transmission, provided efficient use of frequency space, 
and reasonably good service was given, but the number of systems that 
could be placed on a pole line was limited by near-end crosstalk, that 
is, undesired coupling between the outgoing carrier circuits and other 
incoming circuits on the pole. 53 Also, repeater gains were limited by 
the degree of balance obtainable from the hybrid coil, so that the utility 
of the system for very long circuits was limited. 

53 Crosstalk problems are discussed in more detail in Section 5.3.1. 














286 


Engineering and Science in the Bell System 


In the next system developed. Type B (Fig. 4-60), a slightly different 
approach was used. It was decided to reduce the number of channels 
to three above the voice band and to use different frequencies for 
transmission in the two directions. In this way wave filters could be 
used to separate the two directions and it would not be necessary to 
rely upon line balance to prevent singing. This is very much like the 
4-wire voice transmission discussed previously and is usually referred 
to as equivalent 4-wire transmission. This system also used single 
sideband, but in an attempt to avoid the carrier resupply problem the 
carriers were transmitted. The lower sidebands on carriers at 6, 9, and 
12 kHz were used east-to-west and the upper sidebands on carriers at 
15, 18, and 21 kHz were used for the opposite direction. 

This system demonstrated the great benefits of equivalent 4-wire 
transmission from the standpoint of reduced crosstalk and increased 
repeater gain, but the transmission of the carrier proved restrictive 
and in the attempt to conserve frequency space the speech bands had 
been narrowed undesirably. About a score of these systems were 
built, beginning in 1920, and some continued in use until about 1940. 

These two early systems tested out the basic principles and set the 
pattern for the future. Subsequent to the development of Types A and 
B, almost all 54 carrier systems have been of the single-sideband, 
carrier-suppressed type and have used 4-wire transmission ( equivalent 
4-wire transmission has commonly been used on open wire and physical 
4-wire transmission on cable). 

Type C, the next to be developed (Fig. 4-61), followed this new 
pattern but employed better selectivity to separate the two directions 
of transmission and the top frequency was increased to about 30 kHz 
to provide wider bands. 

Where a number of carrier systems were employed on the same pole 
line, special transpositions had to be used to reduce carrier crosstalk. 
In addition, it was found advantageous to shift slightly the frequencies 
used on carrier systems being transmitted over adjacent pairs to obtain 
a so-called "staggering advantage," and thus reduce crosstalk impair- 
ment. Thus, Type C systems having three slightly different frequency 
allocations were developed, designated CN, CS, and CT. As im- 
provements were made in the Type C system, successive models were 
designated C2, C3, and C4, with letters added to indicate the 
frequency allocations (CN4, CS4, CT4). The Type C system was again 
redesigned (C5) in the late thirties. Type C is now largely being 
replaced by more modern systems, but at its peak in the early 1950s 


54 An exception is the Type N system developed around 1950, which returned to the 
double-sideband principle. It employed both different pairs and different frequencies for 
the two directions of transmission. 
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about 1.5 million circuit miles of C carrier were in use in the Bell 
System. Repeaters (Fig. 4-62) were provided for the Type C system to 
be spaced at about 125-mile intervals, and by their use the systems 
could be used for total distances of 1,000-2,000 miles. 

Although the Types A, B, and C systems had found ready 
acceptance for application to long circuits, there were many places in 
the toll plant where a less expensive type of carrier could be used to 
advantage on open wire lines for shorter circuits and in areas of slow 
growth. To fill this need, the Type D system was developed. Type D 
provided one two-way telephone circuit on a pair of wires in addition 
to the voice-frequency circuit already in use. Like the Type C system, 
the Type D employed single-sideband transmission with the carrier 
suppressed, and used different frequencies for opposite directions of 
transmission, employing the lower sidebands of carriers at 10.3 and 
6.87 kHz. Originally the system was used without amplification, but 
later a repeater was supplied to extend the range of the system to 
about 200 miles. A later and similar single-channel carrier system, 
coded Type H, differed in plan from Type D in using the same carrier 
frequency, 7.15 kHz, for both directions of transmission, the upper 
sideband used for one direction and the lower sideband for the other. 

In the early 1920s an investigation was undertaken to determine 
whether telephone communication could be furnished over high- 
voltage power transmission lines by means of carrier currents. The 
answer was in the affirmative, and a Type E system was developed for 
the purpose. Previous development work on multiplex carrier tele- 
phone systems on telephone lines was drawn on heavily, but many of 
the problems were unique, such as the line irregularities, effects of power 
equipment, coupling to the line, etc. (Fig. 4-63). While these problems 
were technically solvable, 55 power lines did not provide, on an overall 
basis, a practical medium for commercial telephony. A few Type E 
systems were built to provide the communication needs of power 
companies but the production of this type of carrier was not continued 
by the Bell System. 

One more "first-generation" carrier system was to be designed, just 
beyond the time frame of this volume, in the early 1930s. This unique 
and simple single-channel system, designated Type G, was a first 
attempt to apply carrier to the very short haul field. In order to do this, 
it was necessary to simplify greatly and reduce the cost of the carrier 
terminal. This was done by using double sideband with carrier 
transmitted, operating on a 2-wire basis. This made possible the 


55 Figure 4-63, which pictures the capacitors used to couple a carrier system to a high- 
voltage line, illustrates some of the unusual problems involved in this method of com- 
munication. 



Fig. 4-62. A typical repeater installation for the earlier carrier 
systems. 
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Fig. 4-63. High-voltage (120-kV) coupling capacitors for power-line 
carrier telephone system. 
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generation of the carrier at one end only, the other end using an 
"inert” terminal, i.e., one using no vacuum tubes or other source of 
amplification and hence requiring no power source. While this greatly 
reduced cost, the limitations imposed by attenuation and crosstalk 
were so severe that the field of use was greatly restricted and very few 
systems were built. 

A summary of the characteristics of the early carrier systems just 
described is given in Fig. 4-64. 

Systems for carrier telegraph transmission were developed at about 
the same time as the telephone carrier developments just related. These 
systems, which are described in Section 9.5.5 of Chapter 7, provided 
for transmitting a large number of telegraph channels in the voice- 
frequency range and in the frequencies above the voice channel. 
Initially, carrier frequencies as high as 11 kHz were used, but later 
it became customary to use only frequencies below those employed in 
the Type C telephone carrier system. 

While a major part of the early effort on carrier went into the 
development of the carrier equipment itself, a large amount of 
supplemental work was required to adapt the telephone wire plant for 
carrier transmission. Crosstalk was a major limitation and the solution 
of crosstalk problems will be discussed in Section 5.3.1. There also 
were other kinds of problems. As an example, signals for controlling 
the switching of circuits were, previous to the development of carrier, 
transmitted at frequencies below those required for voice transmis- 
sion, that is, around 20 or 135 hertz. Since these frequencies were not 
transmitted over carrier channels, being suppressed by the channel 
filters, it became necessary to develop completely new signaling 
techniques. A system employing 1 KHz modulated at a 20-hertz rate 
was used for many years. 

4.3 Supplemental Transmission Systems 

Although the major effort of Bell System technology has always been 
directed toward two-way communication between individuals con- 
nected through the switched network, some development of diverse 
but related forms of communication was inevitable. These develop- 
ments, brought about both by market demand and through the natural 
evolution of telephone technology, were usually pursued by the Bell 
System far enough to understand their long-range implications. Many 
of these projects appeared to lead beyond the mainstream of Bell 
System communication and work on them was soon discontinued after 
making pertinent technology available to those in a position to put it 
to use. 56 However, some of the "spin-offs" from telephone develop- 

56 Examples, to name only a few, were hearing aids, an electric stethoscope, the 
artificial larynx, etc. 
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Desig- 

nation* 

Date of 
First Use 

Channels 

Treatment 
of Carrier 

Sidebands 

Method of Two-Way 
Operation 

A 

1918 

4 

Suppressed 

Single 

Balanced 2-Wire 

B 

1920 

3 

Transmitted 

Single 

Equivalent 4-Wire 1, 

C 

1924 

3 

Suppressed 

Single 

Equivalent 4-Wire 

D 

1926 

1 

Suppressed 

Single 

Equivalent 4-Wire 

E 

1928 

1 

Suppressed 

Single 

VF switching* 


1936 

1 

Transmitted** 

Double 

2-Wire 

H 

1937 

1 

Suppressed 

Single 

Equivalent 4-Wire 


* The types A, B, C, D, G, and H systems were used on open wire lines; 
the Type E system was designed for use on power transmission lines. 


t Transmission at different frequencies in opposite directions makes 
each direction of transmission independent of the other to a degree 
which is equivalent to 4-wire operation. 

♦ The same frequency was used for the two directions but a voice-operated 
switch enabled the circuit in one direction at a time. 

§ The F designation was never used for a commercial system. 

** Carrier was generated at one end only. 

Fig. 4-64. First-generation carrier systems. (Adapted from Bower 1938) 
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merit were closely related to the main Bell System interests and required 
extensive effort before a decision could be made as to their ultimate 
disposition. 

We do not have space to pursue the many offshoots of telephone 
technology which took place but one, the public address system, 
provides a particularly interesting example of the complex and 
somewhat unpredictable manner in which technology can evolve and 
it will be covered both here and in Section V of Chapter 5. 

Originally, public address systems were aimed at transmitting 
speech and music by acoustic means to a group of people from one or 
at most a few loud-speaking telephones instead of using the indi- 
vidual receiver employed in telephony. But they soon grew into a form 
of broadcasting by wire involving remote audiences. This application 
received only limited usage but further work led into developments of 
long-range technical and economic significance both within and 
outside the Bell System. For example, the public address system and 
related developments provided basic technology for the high-power, 
high-fidelity audio systems needed for talking moving pictures and for 
high-fidelity music reproduction. While neither of these developments 
was of great value to the Bell System, their economic impact on 
outside industry has been very large indeed. 

Other offshoots of public address system development held more 
promise of lasting benefit to Bell communications. Quite fortunately 
the high-quality audio equipment of public address systems became 
available just as Bell work on radio transmission was maturing and the 
two techniques were combined to open up the new field of radio 
broadcasting, as discussed in Chapter 5. But here again the greatest 
impact of this development was outside the Bell System since it was 
ultimately decided that the broadcast type of transmission fell outside 
the System's main field of interest. 

But this was not yet the end of the influence of the public address 
project. The application of public address work had led to the design 
of special transmission systems, or “program circuits," for carrying 
high-quality speech and music over Bell System lines. The availability 
of these techniques was an important factor in the development of 
network radio broadcasting which in turn stimulated further develop- 
ment of program circuits. This was a natural field for the use of the Bell 
network, and audio program circuits and their video counterparts be- 
came an important segment of Bell enterprise. At last, the wisdom of 
pursuing the development of a public address system became apparent. 

4.3.1 Public Address Systems 

Public address work started in 1907 when the development of a 
loudspeaker was begun in order to meet the requests of a few 
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customers who wished to use this device instead of the telephone 
receiver. A few loudspeakers were produced and used on a trial basis 
in the following year. In 1910, a double-button microphone was 
developed to provide a source of electric waves some 13 to 15 dB more 
efficient than the regular telephone transmitter. In 1912, a high- 
efficiency transmitter and a loudspeaker were standardized and used 
for communicating between the wire chief's desk and craftsmen at 
work in the frame room. Originally this was a one-way system from 
wire chief to craftsmen, but later a return path was added which 
employed a distant- talking transmitter in the frame room. 

The first long-distance public address broadcast occurred in 1913 
when the Governor of Oklahoma, speaking at Oklahoma City, 
addressed an audience of over 300 persons in Tulsa, 122 miles away, 
the speech being transmitted over No. 12 gauge open wire pairs. No 
amplification, except from the microphone, was available at this time 
and the necessary energy was obtained from a water-cooled mi- 
crophone supplied with a 3-ampere direct current (about 50 times the 
current used in an ordinary telephone transmitter). This device 
provided 'enough energy, not only to overcome the wire line 
attenuation, but also to drive the loudspeakers. The demonstration 
apparently was highly successful but the use of high-powered 
transmitters as a source of amplification had limited application 
because of the potential for crosstalking into the much -lower-level 
telephone circuits. 

What was needed, as in the telephone field, was a source of 
amplification that could be introduced along the line and also be used 
for producing high-power electrical waves for driving loudspeakers. 
The vacuum tube made this possible and this type of amplifier was 
first used in a public address demonstration in 1916. After this, it 
became possible to concentrate effort on developing microphones and 
loudspeakers with high-fidelity reproduction instead of emphasizing 
high efficiency alone. 

In 1918, a new type of loudspeaker using the balanced-armature 
principle was developed and used on submarine chasers. Later this 
principle was applied in a driving unit, shown in Fig. 4-65, which was 
used as a sound source with various types of horns (Fig. 4-66). As 
narrated in Section 8.4.3 of Chapter 3, in 1924 the same general scheme 
was incorporated in the 540-AW cone-type loudspeaker that was 
widely used with early broadcast receivers. 

By 1919 the art had developed to the point where an installation 
could be made, for a Victory Loan Drive, which covered three city 
blocks along Park Avenue in New York City. The installation involved 
over 100 loudspeakers driven by a number of high-power amplifiers. 
The first widespread testing of public address system characteristics 
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was made in connection with this demonstration. Measurements 
included tests of intelligibility, sound distribution, frequency re- 
sponse, and noise. In 1921, a high-quality, push-pull, double-button 
microphone and a volume indicator (see Section 5. 1.4. 3) were used for 
the first time. Both received much use in public address and early broad- 
casting systems. In fact, the volume indicator, in modified form, is still 
being used widely for measurement and control of speech volume. 
However, within a few years the carbon microphone was superseded 
by the condenser microphone which was originally developed as a 
byproduct of Bell System acoustical research. 

On Armistice Day, 1921, one of the most elaborate wire broadcast 
and public address installations ever made was set up to cover the 
burial of the Unknown Soldier at Arlington Cemetery. The ceremonies 
were heard by 30,000 people in New York City and 20,000 in San 
Francisco in addition to 100,000 at Arlington. In all, the demonstration 
involved 3,900 miles of telephone lines, three transmitter locations, 
and some 80 loudspeakers. It not only did much to demonstrate the 
high level of technology available in the audio field but also showed 
the tremendous interest in public events that would soon provide an 
audience for radio broadcasting. The first standardized public address 
system was produced in 1922 and a number more were developed in 
the next ten years. With the standardization of a complete system, 
application became a fairly routine matter and Bell System participa- 
tion in installation fell off; however, system manufacture by Western 
Electric continued until the middle 1930s. 

An exception to this general trend away from the public address 
field occurred in 1932-33 when Bell Telephone Laboratories and the 
American Telephone and Telegraph Company, in cooperation with the 
Philadelphia Orchestra, conducted experiments in very high power, 
wideband stereophonic transmission of music. The ultimate result of 
this work was a three-channel system with an 80-dB volume range 
capable of producing sound power about ten times that of an 
unamplified orchestra and covering a 15-kHz frequency range. 
Loudspeakers set up in Constitution Hall in Washington reproduced 
the playing of the Philadelphia Orchestra in the Philadelphia Academy 
of Music. For this demonstration, Leopold Stokowski, the conductor, 
turned over the baton to an assistant and manned the system control. 

Again, in the Second World War, Bell Laboratories reentered the 
public address field and developed a number of systems for use on 
naval ships which met requirements for high reliability under the 
shock of gunfire and high intelligibility under extreme and rather 
unusual types of noise. 
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4.3.2 Program Transmission Systems 

The technical requirements underlying public address transmission 
were considerably different from and mostly much more rigorous than 
those applying to telephone transmission. The early realization of 
these requirements and developments made to meet them did much to 
supply the acoustical needs of radio broadcasting when it began its 
remarkable growth in the early 1920s (as related in Section V of 
Chapter 5). 

In a sense, program transmission was simpler than telephony since 
it was a one-way service and the complications of bilateral transmis- 
sion were avoided, but this was more than offset by the need for 
transmitting a broader frequency band and providing a wider range of 
sound level and greater freedom from distortion and noise. Telephone 
speech was quite intelligible when limited to a band of 300-3,200 
hertz and was even acceptable when the frequencies around 1,000 
hertz were greatly emphasized to achieve high efficiency in acoustic- 
electric conversion. On the other hand, speech so distorted and 
limited in frequency sounded unnatural when heard over a loud- 
speaker and music was completely unrealistic. In addition, music 
covered an extremely wide range of power levels, some 50 dB or more. 
Systems for its transmission had to be able to reproduce the lowest of 
these sounds well above the noise on the system and also handle the 
highest without distorting the signal by "overloading” the equipment. 
By the early 1920s reasonably good short-haul audio transmission had 
been achieved. Low-noise circuitry had been devised for the low-level 
portion of the equipment (often this required use of batteries for plate 
and grid supply of vacuum tube amplifiers) and the frequency band 
had been extended to a range of 50-5,000 hertz. The full range of 
sound level was not transmitted but an acceptable range was 
provided, without overloading, by some compression of the volume 
range by means of manual control. 

Much of the early effort devoted to meeting these requirements went 
into microphone and loudspeaker developments. A major problem 
was concerned with extending the lower frequency limit since musical 
sounds, particularly those from percussion instruments, were unrealis- 
tic without full reproduction of the low frequencies. As the acoustic 
converters were improved, parallel work was devoted to improving 
the wire transmission lines. Here major changes were required. 
Loading, which restricted transmission to a top frequency of about 3 
kHz, had to be removed or replaced by a system which extended the 
cutoff well above 5 kHz. 57 In order to utilize the low frequencies, it 

57 In later years carrier systems presented serious problems and it was necessary to 
develop special terminals so that the wide frequency band required for program trans- 
mission could be obtained by utilizing the space normally occupied by several telephone 
channels. 
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was necessary to eliminate the composite equipment used for 
providing telegraph and signaling channels. To compensate for line 
loss, it was necessary to develop special amplifiers meeting the neces- 
sary requirements for bandwidth, noise, and volume range. And 
finally, equalizers were required to compensate for the variations 
in attenuation with frequency which were introduced by the line 
facilities, particularly the non-loaded cables. 

The development and construction of line facilities meeting program 
requirements took a number of years. For the 1921 Arlington 
demonstration the local circuits, using short non-loaded cable, were 
equalized reasonably well over the 50-5,000-hertz range as illus- 
trated by Fig. 4-67. However, the long-distance transmission used 
telephone-grade circuits of the best type then available, consisting of 
repeaters and non-loaded No. 8 BWG open wire lines carefully aligned 
and maintained for optimum performance. The transmission charac- 
teristics of the New York to San Francisco circuit, which included 12 
repeaters, is shown in Fig. 4-68. While this represented excellent 
performance for the time, it was far from the desired objective for 
music. However, with good-quality microphones and loudspeakers. 



0 1,000 2,000 3,000 4,000 5,000 

FREQUENCY IN HERTZ 


Fig. 4-67. Transmission characteristic of a 10-mile, 19-gauge, non-loaded cable 
circuit. Curve A — without attenuation equalizer. Curve B — with attenuation equalizer. 
(Redrawn from Martin and Clark 1923, Fig. 2) 
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FREQUENCY IN HERTZ 

Fig. 4-68. T ransmission characteristic of transcontinental circuit. New York to San Fran- 
cisco. (Redrawn from Martin and Clark 1923, Fig. 1) 


these circuits were reasonably satisfactory for the outdoor broadcast of 
speech, the main objective of the 1921 demonstration. The frequency 
band could have been extended at the lower end by removing 
composite circuits and at the upper end by removing carrier telegraph. 
However, at this time transcontinental circuits were in short supply 
and it was decided to use standard telephone circuits, temporarily 
diverted for the demonstration, since completely modifying them 
would have had broader reaction on telephone service. 

A similar approach was used in some of the earlier radio network 
broadcasting, namely using well-equalized non-loaded cable for the 
short and more or less permanent circuits between studio and radio 
transmitters with the best available grade of telephone circuits, 
carefully aligned to meet program requirements, for the temporary 
long-distance lengths. Here again this was reasonably satisfactory for 
things like news and sports broadcasting when these lines were used 
with high-performance microphones and good-quality broadcasting 
stations. It should be recalled that the broadcast listener at this time 
usually used headphone receivers which had a highly peaked 
frequency response transmitting little energy above 2,500-3,000 hertz. 
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As network broadcasting spread, and began to be used for high- 
grade music programs, the need for better-quality transmission 
arose and was met by removing composite and carrier telegraph 
circuits and developing wideband repeaters capable of handling a 
wide range of volume levels without noticeable non-linear distortion. 
Originally these circuits were set up on a temporary basis but as 
network broadcasting stabilized, circuits were set apart especially for 
the purpose. Even in the early days, when telephone circuits were 
used for programs with little modification, a very considerable amount 
of time and effort was required to prepare them for program use. First, 
of course, they had to be disconnected from switchboards and patched 
through to provide the desired route. Next, they had to be carefully 
aligned for optimum performance and measured carefully to provide 
assurance that lineup was being maintained. Finally, after use, they 
had to be returned to message service and again patched. Usually 
three circuits were assigned for handling program transmission, one 
acting as an order wire so that technicians along the line could be 
constantly in communication, and two assigned for program use, one 
being designated for normal use and the other held in reserve as a 
spare. As program circuits were improved, by removing telegraph, 
adding special amplifiers, and so forth, the work required to prepare 
them for broadcasting and subsequent restoration to message use 
increased greatly and as much as forty man-days might be required for 
a 1,000-mile circuit. To avoid some of this work, beginning about 
1923, certain circuits were designated for broadcast use and special 
arrangements were made to facilitate their transfer between message 
and program service. These were marked with a red pencil and 
referred to as the "red layout." By 1926 the demand for broadcasting 
had become quite large and long-distance-circuit availability had 
grown to the point where these circuits could be assigned exclusively 
for broadcasting, and they became known as the "red network." 

Growth was rapid and in 1930 about 35,000 miles of circuits were 
being regularly used for supplying about 150 radio stations. These 
circuits were organized into four regional areas, each with a control 
center. A typical center, located in Chicago, is shown in Fig. 4-69. 
These centers were connected to each other and to radio stations and 
line repeater points by an elaborate order wire system using about 
43,000 miles of telegraph circuits. At this time, most of the program 
circuits used No. 8 BWG (165-mil), non-loaded, copper open wire with 
amplifiers about 150 miles apart. The amplifiers included adjustable 
equalizers to compensate for line attenuation. Incidental cables used 
No. 10 or No. 11 B and S pairs with special loading to match the open 
wire impedance and provide a cutoff well above 5 kHz. The transmission 
band of the entire system extended from 100 to 5,000 hertz but plans 
were being made for widening it significantly. 
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By 1930 the Bell System telephone cable network extended from the 
East to well beyond Chicago and a countrywide system was being 
planned. It was obvious that provision should be made to use these 
cables for program circuits. In the late 1920s development of such a 
system was begun and in 1930 a trial installation was made on pairs 
looped back and forth in the New York-Pittsburgh cable for a total 
length of 2,200 miles. The system provided for the transmission of a 
frequency band extending from 50 to 8,000 hertz and for handling a 
volume range of about 40 dB without material noise interference. 

The cable system used No. 16 B and S gauge conductors loaded with 
22-mH inductance coils spaced 3,000 feet apart, giving a nominal 
cutoff frequency of 11 kHz. A special cable was designed to distribute 
the 16-gauge pairs among the 19-gauge message pairs in a manner that 
would minimize crosstalk into and from the program circuits. Special 
amplifiers were designed to handle the wide range of volume and 
included gain regulation and equalization to provide not only constant 
amplitude but also reasonably constant delay over the transmitted 
band. 58 These amplifiers (repeaters) are pictured in Figs. 4-70 and 4-71. 


58 When waves are transmitted for long distances over loaded circuits (or circuits con- 
taining wave filters), the high frequencies tend to be delayed in arrival as compared to the 
midband frequencies. This can be quite disturbing on some program material. 






Fig. 4-69. Program transmission equipment in Chicago office. (Cowan 1929, Fig. 6) 
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Fig. 4-70. Schematic of non -regulating repeater for cable program system. (Redrawn from Clark and Green 1930, Fig. 10) 
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Fig. 4-71. Front view of program repeater and associated regulating system. (Clark 
and Green 1930, Fig. 11) 
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Performance characteristics of the complete system operating over 
2,200 miles of cable are shown in Figs. 4-72 and 4-73. 

V. ANCILLARY TRANSMISSION PROBLEMS 

So far, we have concentrated our attention on the evolution of 
transmission media (and the underlying theory), on the devices used 
to reduce or compensate for attenuation, and on systems for multiplex- 
ing a number of circuits on a single physical channel. Needless to say, 
these steps in solving the transmission problem would have been 
impossible without supporting effort in related fields. Chief of these 
were the provision of suitable measuring instruments, the reduction of 
interference from external sources, and the development of techniques 
for arriving at the most economical design of plant meeting transmis- 
sion requirements. 

5.1 Measuring Instruments 

Today, when practically any type of measuring device can be 
ordered irom a catalog, it is difficult to appreciate the situation 
prevailing in the early days of telephony. At that time the applicable 
measuring equipment consisted largely of the d'Arsonval galvanome- 
ter (the predecessor of the dc voltmeter and ammeter) and the 
Wheatstone bridge. Alternating current measurements, particularly at 
low amplitudes and telephone frequencies, were practically impossible 
until the telephone receiver provided an audible means for detection. 
This device, plus buzzers or other primitive sources of tones, extended 
the use of the Wheatstone bridge and provided means for measuring 
capacitance, inductance, and impedance in the voice range. 

Direct-current meters proved very useful in checking the early 
telephone lines for leakage, opens, grounds, etc. These instruments 
and variants of the Wheatstone bridge (Murray or Varley loop circuits) 
were important devices for assuring correct performance and still are 
used for maintenance of physical circuits such as those connecting the 
telephone user to the telephone switching office. 

However, means for measuring and comparing overall telephone 
performance were badly needed. For many years subjective tests 
provided the only way to do this. 

5.1.1 Subjective Tests — Loudness Balancing 

Obviously, the simplest way to compare two circuits was to talk 
over them alternately and make a subjective judgment as to which was 
better. This was the basis for all early comparisons of copper and iron 
wire, open wire and cable, etc. However, this technique was 
ill-adapted to rating a large number of conditions or to relating tests 
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Fig. 4-72. Transmission frequency characteristics of 2,200 miles of 16-gauge B-22 cable 
program transmission circuit. Curve A — ideal characteristic. Curve B — measured charac- 
teristic. Curve C — line without equalizers. (Redrawn from Clark and Green 1930, Fig. 21) 



Fig. 4-73. Delay characteristics of 2,200 miles of 16-gauge B-22 cable program trans- 
mission circuit. (Redrawn from Clark and Green 1930, Fig. 22) 


made at different times. What was needed was a more quantitative 
technique. Two requirements were basic. First, there must be a point 
of reference or zero, and, second, there must be a scale or unit of 
measurement . 59 

Such a technique was developed around the turn of the century. The 

59 The measurement of temperature provides a useful analogy. On the Centigrade scale, 
for example, the temperature of melting ice is taken as the reference, or zero, point. The 
scale is the degree and measures temperature relative to this zero. 
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best telephone connection possible at the time was selected for the 
reference point. This consisted of a telephone station connected with 
minimum-length line through a simulated central office to a similar 
far-end equipment. This connection had a rating of zero. An artificial 
line, which simulated a typical cable used in the plant, was connected 
between the two central- office circuits and provided the scale. The 
whole, shown in Fig. 4-74, constituted a reference system against 
which telephone connections could be compared. The unknown and 
the reference systems were talked over alternately and artificial cable 
was added to the reference system until the received speech was 
judged equally loud. The rating of the unknown circuit was taken to 
be the number of miles of cable in the reference system. The artificial 
cable was standardized at a resistance of 88 ohms per loop mile and a 
capacitance of 0.054 mF per mile, values representative of cable then in 
general use, and the circuit rating was accordingly referred to as the 
"loss in miles of standard cable." These ratings were also referred to as 
"transmission equivalents." A rather elaborate system of losses was 
ultimately worked out to provide ratings of telephone sets, customers' 
loops, central-office equipment, trunks, etc., so that design objectives 
could be established for each component of the overall circuit and the 
overall loss, or equivalent, determined by adding component losses. 

Several problems soon developed. When improved instruments 
were designed, the reference set was no longer the best telephone 
connection available and balances often required the insertion of cable 
in the unknown circuit in order to equal the zero connection. Thus 
such circuits had negative transmission equivalents, or gain, relative 
to the reference system. While this was somewhat awkward, the 
situation arose only after the reference system had been long in use, 
and it was considered to be less confusing than abruptly changing the 
reference point. 60 Another problem arose from the distortion intro- 
duced by cable. As artificial line was added, it attenuated higher 
frequencies more than the lower and speech was highly distorted. This 
made the rating of relatively distortionless circuits, such as open wire 
and loaded cable, very difficult. To correct this difficulty, it became 
common around 1920 to use a distortionless line having a constant loss 
and impedance (600 ohms non-reactive) throughout the voice range of 
frequencies, in place of the artificial cable. In order to alter the 
significance of measurements as little as possible, the unit of 
attenuation used for this line was the attenuation of a mile of 
standard cable at 800 cycles per second (hertz) and was accordingly 
referred to as "an 800-cycle mile." 61 

60 This problem, it will be noted, has long been faced by users of thermometers, and 
the use of “negative" temperatures is commonplace. 

61 Actually, the frequency seems to have been arrived at by selecting the product of 2tt f 
to be equal to 5,000 (presumably because this was a nice round number). On this basis, 
/ worked out to be 794 hertz. This, not being a nice round number, was soon rounded to 
800 and the origin largely forgotten. The effect on speech loudness of an 800-cycle 
mile was roughly the same as the effect of an actual mile of cable. 
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The distortionless attenuator proved highly successful, but the 
800-cycle mile was an awkward unit to use and describe. Its great 
virtues were its similarity in magnitude to the familiar mile of cable 
and the fact that, like miles of cable, it was a logarithmic unit. 
Attenuations, which represent power ratios, are therefore easy to 
handle numerically when expressed in this form. The overall effect of a 
series of attenuations can be obtained by adding the logarithmic units 
instead of multiplying the power ratios . 

It was soon noted that the 800-cycle mile was mathematically equal 
to 10.56 log 10 Pj/P 2 , where Pj and P 2 are the input and output powers, 
respectively. This coefficient was so close to 10 that the next step was 
obvious. In 1924 the Bell System adopted a new unit of attenuation, 
called the "Transmission Unit," or TU, which was defined as 10 log 10 
P j/P 2 . This was close enough to the 800-cycle mile to be used almost 
interchangeably therewith, and at the same time had a definition that 
was more satisfying to those who like simple relations using easily 
remembered round numbers. 

It was proposed to the International Advisory Committee on 
Telephony that this unit be standardized on a worldwide basis. The pro- 
posal met with the approval of many telephone administrations since 
the mile of cable had received fairly widespread use. 62 However, a con- 
siderable number of countries had been using a different unit which 
was nearly ten times the size of the TU. This unit, called the napier after 
the inventor of logarithms, was defined in terms of natural logarithms, 
i.e., using the basee (2.718) instead of the base 10. It also was defined in 
terms of current ratios instead of power ratios. The upshot was a com- 
promise, in 1928, which standardized several units. One of these was 
that based on natural logarithms and called the neper. The other (of 
approximately the same magnitude) was based on common logarithms 
(base 10) and called the bel. One tenth of a bel, or a decibel, was exactly 
equal to the TU, and the latter term was accordingly replaced in the 
Bell System by the decibel, or dB. 

Over the years the term bel has fallen into disuse and the neper, while 
still in use, is far from common. Thus the decibel or dB is fast becoming 
the accepted unit of attenuation worldwide. The following table provides 
a comparison of the various units: 

Various Ways to Define Attenuation 


bel = logio P 1 IP 2 

TU = dB = 10 log 10 P 1 IP 2 
800-cycle mile = 10.56 log 10 P 1 IP 2 
neper= 1.151 log 10 Pi/P 2 
= 0.5 log e Pi/P 2 - 


62 Such a system was adopted in the United Kingdom as early as 1904. 
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Examples of these relations are shown below: 



Power Difference in 

Logarithmic Units 


Power 



TU 


Ratio 



or 

800-cycle 

P1IP2 

neper 

bel 

dB 

mile 

1 

0 

0 

0 

0 

2 

0.35 

0.30 

3.01 

3.18 

4 

0.69 

0.60 

6.02 

6.36 

10 

1.15 

1.00 

10.00 

10.56 

100 

2.30 

2.00 

20.00 

21.12 

1,000 

3.45 

3.00 

30.00 

31.68 


While the mile of standard cable was originally introduced as a means 
for rating the loudness of telephone circuits, relative to reference, the dB 
into which it evolved has become a far more versatile unit. Since it 
corresponds to a ratio of two powers, it is used today in a host of electrical 
and acoustical measurements such as noise, crosstalk, frequency re- 
sponse characteristics, echoes, etc. While the dB is strictly a measure of 
power ratio, it is commonly used as an absolute measure of power level 
where the power reference is either expressed or implied. 

At about the same time that the unit of attenuation was being changed, 
the transmission reference system was also undergoing review. The use 
of a system defined in terms of instrumentalities, i.e., specific types of 
transmitters and receivers, was obviously undesirable since such devices 
could not be manufactured and maintained within close limits. In addi- 
tion, the instruments introduced a large amount of distortion. This dis- 
tortion caused no problems as long as it was similar to that of commercial 
instruments, but in the early twenties it was evident that it would soon 
be possible to develop instruments with much less distortion so that the 
continued use of a highly distorted reference system might become un- 
desirable. Accordingly, there was developed a Master Transmission 
Reference System which used instruments that were practically distor- 
tionless within the telephone band, stable in performance, and defined 
in purely physical terms (i.e., in terms of acoustic and electric power). 
Means for measuring the instruments and adjusting them to specified 
standards were a part of the system. By 1925 a preliminary model of such 
a system had been built. In 1926 the International Consulting Com- 
mittee on Telephony (CCITT) recommended that such a system, with 
minor modifications, be adopted internationally. By the summer of 1929 
two identical systems had been built by the Bell System, one installed 
at Bell Telephone Laboratories and the other at the CCITT laboratory 
in Paris. 
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The place of this system in the evolution of telephony and the story of 
its successors goes well beyond the scope of this portion of our history. 
It is sufficient to say here that it represented an important step in the 
evolution of transmission rating systems and in the development of 
techniques for measuring telephone systems in physical terms. 

Paralleling the development of these subjective techniques for meas- 
uring transmission equivalents, similar methods were developed for 
measuring crosstalk and noise. In each case an ear balance was made 
between an unknown and a reference speech (or noise) which could be 
attenuated until the two were judged equal. Later these ear balance 
techniques were superseded by meter measurements, but for the most 
part the latter were not widely adopted until after 1925. 

5.1.2 Subjective Tests — Articulation Testing 

The ear balance tests we have been discussing were intended to give 
a measure of the loudness of speech transmitted over a telephone circuit. 
It had long been appreciated that this was only one of the factors affect- 
ing the quality of speech; it was also affected by distortion, noise on 
the line, and external factors such as room noise and user characteristics. 
In 1910 the ingenious and versatile George Campbell described, in the 
Philosophical Magazine, transmission tests he had made in an attempt 
to better evaluate the many factors influencing transmission. Campbell's 
technique involved a talker at the sending end of the circuit to be rated 
and a group of listeners at the other end. The talker transmitted over 
the circuit a list of meaningless monosyllables made up by combining 
the sounds of speech in a systematic way. The listeners recorded the 
syllables they heard, and the percent received correctly (called percent 
articulation) was taken as a measure of the transmission capability of the 
circuit. This "articulation” testing technique was later developed ex- 
tensively by Harvey Fletcher and others and has led to much insight into 
the requirements for good speech transmission. 

Later, in the mid-twenties, W. H. Martin proposed a count of requests 
for repetitions on working telephone circuits as an overall measure of 
transmission. About 1930 a technique was developed for specifying "ef- 
fective transmission losses" based on this suggestion. 

5.1.3 Objective Tests — Attenuation Measurement 

Subjective tests, such as ear balances between sounds or articulation 
tests, were at best difficult to make even under laboratory conditions 
and were entirely unsatisfactory for maintaining the specified per- 
formances of actual telephone lines. Fortunately, until the advent of the 
telephone repeater and carrier systems, the adequate performance of 
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Fig. 4-75. The 2A oscillator, a vibrating-reed unit with a fixed frequency output of 800 
hertz. 


telephone lines was reasonably assured if they met specified require- 
ments on resistance, leakage, and capacitance. These were characteristics 
that could be measured by the available dc meter and bridge techniques. 

As repeaters and carrier systems were developed, a need arose, first 
in the laboratory and later in the field, for far more sophisticated tech- 
niques that could measure quickly and with a high degree of precision 
the attenuation of lines and filters as a function of frequency, the charac- 
teristics of crosstalk, noise, etc. Fortunately, the very devices (vacuum 
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Fig. 4-76. The 3A oscillator, a motor-driven alternator with an output of 1,000 hertz. 


tubes and filters) which brought about the need for objective measure- 
ments also provided the means for making them . 63 

Two basic devices were required: first, a source of ac tone (an oscil- 

63 Prior to the development of vacuum tubes, means for alternating-current generation 
and measurement were rudimentary and because of their size or lack of stability were 
confined largely to the laboratory. In 1903, for example, a 10-kHz generator was so 
uncommon that G. A. Campbell visited MIT to inspect such a recently acquired device. In 
1906 the test gear available in the telephone engineering department laboratories consisted 
of several single-frequency tone-generators ranging in frequency from 200 to 5,000 hertz, 
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lator) and, second, an indicating meter for measuring the amplitude of 
the tone. The latter was usually called a transmission measuring set. 

An early oscillator, introduced into the plant in 1921, was the 2A 
(Fig. 4-75), which was a type of buzzer with a vibrating reed tuned to 
800 hertz. This was followed in about 1925 by the 3A (Fig. 4-76), a simple 
inductor alternator with the motor driven from the 24-volt office battery. 
By this time, 1,000 hertz had been adopted as a standard test frequency, 
in place of 800 hertz, and the governor- regulated motor was designed 
to operate at a speed which would provide that frequency. 

The first electron tube oscillator for field use was the 4B (Fig. 4-77). 
It could be adjusted to generate frequencies between 100 and 3,000 hertz, 
and was the first source of test tones covering the voice-frequency range. 

The 5 A oscillator (Fig. 4-78) was designed for routine measurements on 
toll circuits where it was not necessary to make measurements over a 
wide range of frequencies. It generated an output which varied continu- 
ously and periodically in frequency over a range of 900 to 1,100 hertz, 
somewhat similar to a siren. Frequency variation was brought about 
by changing the inductance of an inductometer in the oscillator circuit, 
the moving coil of the inductometer being rotated by a motor. This 
“warble tone" technique was particularly useful in measuring circuits 
for which the attenuation varied rapidly with frequency due to loading or 
other irregularities. It was later adapted to crosstalk measurements. 


two shielded bridges for ac measurements together with the necessary standards for 
inductance and capacitance, and facilities for subjective tests. Some progress had been 
made in the use of thermocouples for measurement of low-amplitude alternating currents 
but none of the equipment was suitable for use in the field. When development of the 
transcontinental line started in the 1911-12 period, impedance measurements on the actual 
circuits were needed. The Vreeland mercury-arc variable-frequency oscillator had recently 
become available and was used in obtaining these data. 


Fig. 4-77. The 4B oscillator could be set to deliver any frequency between 100 and 
3,000 hertz. 
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Fig. 4-78. The 5A oscillator provided an output signal that varied continuously and 
periodically over a frequency range of 900 to 1,100 hertz. 

Transmission measuring sets to work with these oscillators began with 
the 1A, designed in the early 1900s. This set (Fig. 4-79) involved ear 
balancing techniques for comparing an adjustable known line against 
the unknown, but used an 800-hertz tone from the 2A oscillator as a 
source in place of speech. It also employed resistance terminations which 
could be adjusted to 600, 1300, or 2200 ohms to match the various types 
of line employed in the plant. Operation, illustrated schematically on 
Fig. 4-79, was simple. The known and unknown branches were fed in 
parallel and at the receiving end a telephone receiver was switched 
from one branch to the other, the known network being adjusted until 
the sounds were equal. Losses of up to thirty 800-cycle miles could be 
measured. The 1A set was not provided with a voltmeter to measure 
oscillator output. Instead, the two branches were bridged together to 
assure equal voltages on the known and unknown circuit. Thus, both 
the input and the output of the circuit under test had to be available at the 
test set terminals. This prevented the measurements of circuits between 
offices unless two circuits were connected together at the far end to 
form a loop back to the set. 

In situations where the attenuation was very high, the listening tech- 
nique for obtaining balance was unsatisfactory because of the low vol- 
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Fig. 4-79. The 1A transmission measuring set. 


ume from the receiver. As the vacuum tube amplifier came into use, it 
was applied as a detector along with a meter to determine balance with 
very small signals. These principles were incorporated in the 3 A trans- 
mission measuring set (Fig. 4-80), which also could make "straightaway” 
tests as well as "loop" tests. The straightaway tests were made possible 
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3A TRANSMISSION MEASURING SET 



by the inclusion of a voltmeter for measuring the input to the set from 
the signal generator. The same voltage was then impressed at the distant 
end of the circuit under test, and the attenuator dials adjusted for 
balance. The loss in the circuit was then read directly from the dials. This 
set was mostly used for 1,000-hertz measurements with the 3A oscillator 
as a source. 
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The next set to be developed was the 4A (Fig. 4-81) designed to meas- 
ure up to sixty 800-cycle miles of standard cable, and also to measure 
the gain of vacuum tube repeaters. Electrically it was very similar to the 
3 A except for the increased sensitivity. Because it was so sensitive, ex- 
traneous noises on the line under test could lead to incorrect measure- 
ments. A filter was therefore provided to eliminate all signals except 
the signal from the oscillator being used for the tests. 

The 4A transmission measuring set with its companion 4B oscillator 
was intended for permanent installation in the large toll centers. By 1925 
about 50 of these sets had been installed throughout the country for 
measuring and diagnosing troubles on the bulk of the 20,000 long-dis- 
tance circuits then in service. The 3A set was used at the smaller offices 
where the more expensive and complicated 4A could not be justified. 
Exchange area circuits used mostly passive components and did not 
require frequent testing by sophisticated equipment. In 1925 it was the 
custom to have all offices tested periodically by men equipped with 
portable testing sets, such as the 3 A. A typical test team with their equip- 
ment is shown in Fig. 4-82. 

The 3A and 4A sets established a basic pattern that was used for some 
time. They employed a precise but not very sensitive meter, usually 
of the thermocouple type, to adjust the oscillator output to a standard 
value, usually 1 milliwatt. Amplification was used to provide for meas- 
urement of low loss, and filters excluded unwanted frequencies . A high- 
precision attenuator was used as the measuring standard. The detector 
and receiving amplifier required only short-time stability since they 
were switched between the unknown line and the high-precision line, 
the latter being adjusted to give equal meter reading with the unknown. 
This was, in fact, only an extension of the basic principle developed 
many years before in voice testing. 

Along with the development of these field testing sets, there was 
needed even more sophisticated equipment for designing and building 
the carrier systems and other electronic equipment. 64 Carrier systems re- 
quired stable oscillators for frequencies of up to about 50 kHz, and 
meters, attenuators, impedance bridges, etc., all capable of working at 
these high frequencies. This involved the design of low-inductance 
resistors and shielded systems to minimize external interference as 
well as the solution of many other problems. 

64 As an example of the state of the art in 1925, specifications for a "universal transmission 
measuring set" being designed at the time were as follows: 

"Capable of measuring transmission gains from 0 to 111TU and transmission losses from 0 
to 81 TU in 0.2 TU steps between 30 and 10,000 CPS; transmission levels from 0 to +30 TU 
(without amplifier) in steps of 2 TU; balanced and unbalanced apparatus; and arranged to 
match impedances from 0 to 26,000 ohms." 
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Fig. 4-82. Typical transmission testing team. (Harden 1925, p. 41) 
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5.1.4 Supplementary Test Gear 

While the measurement of attenuation was of first importance, the 
need for many other kinds of measurement and related devices arose 
and was met by the use of vacuum tubes, filters, and other transmission 
system components. Space limitations permit the description of only a 
few of the many interesting devices and techniques developed in the 
fruitful years following the development of workable electron tubes. 

5. 1.4.1 Frequency Control. With the advent of carrier-current telephony 
and radio broadcasting (to be discussed in Chapter 5), it became neces- 
sary to generate alternating currents with a high degree of frequency 
stability. In the early 1920s it appeared that the most promising approach 
would be to use a 100-cycle tuning fork driven by a vacuum tube circuit. 
Such a frequency standard was built in 1923. Careful control of the many 
factors which could affect frequency, such as the temperature of the 
tuning fork, loading of the oscillator circuits, and the like, resulted in 
a generator that could be relied upon to 1 part in 100,000. At the same 
time techniques were devised for producing harmonics of the basic 
frequency so that standard frequencies were available in steps of 100 
hertz as high as desirable. 

This unit was used as a primary frequency standard for a number of 
years. It was frequently checked with the primary standard of frequency 
at the National Bureau of Standards in Washington, and these checks 
indicated that the desired standard of precision could be maintained. 

About 1917, A. M. Nicolson, working in the Engineering Department 
of Western Electric Company, became interested in the piezoelectric 
effect of crystals and discovered that the mechanical vibration of a crystal 
could energize an electrical circuit by coupling through suitable elec- 
trodes and that the resulting electromechanical vibratory system per- 
formed exactly like an electrically tuned circuit. He built a crystal- 
controlled oscillator which was operated successfully in 1917 (Fig. 4-83). 
Nicolson applied for a patent in 1918 but because of various interferences 
the patent was not issued until 1940. 65 

Nicolson's early work had been with both quartz and Rochelle salt 
crystals but most of his effort had been devoted to the latter because of 
its very strong piezoelectric effects even though it required rigorous 
control of moisture content for stable operation. Later, Dr. Walter Cady of 
Wesleyan University pointed out the superior stability of the quartz-con- 
trolled oscillator and devised circuitry for achieving crystal control that 
was slightly different from Nicolson's. Subsequently G. W. Pierce of 
Harvard showed that quartz could be used to essentially duplicate 
oscillators of the type devised by Nicolson. Ultimately, quartz crystals 

65 A. M. Nicolson; U.S. Patent No. 2,212,845; filed April 10, 1918; issued August 27, 1940. 
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Fig. 4-83. The piezoelectric oscillator circuit shown in A. M. Nicolson's patent. 

became widely used elements in both oscillators and wave filters. One 
of the earliest applications was the control of the frequency of AT&TCo's 
broadcast station WEAF at 610 kHz. W. A. Marrison ground a crystal to 
operate at this frequency (Fig. 4-84) and built a simple oscillator cir- 
cuit which was installed in breadboard form on June 19, 1924. It was 
used until 1925 when it was replaced by a basically similar but more 
permanent arrangement. 

One of the disadvantages of the crystal-controlled oscillator was the 
relatively high frequency produced. This made it difficult to operate a 
clock, as could easily be done with the tuning-fork oscillator. In Novem- 
ber 1924, W. A. Marrison suggested a means for accomplishing the 
reduction of the output frequency of the crystal oscillator, one in which 
a synchronous clock motor was driven by a second oscillator operating 
on a controlled subharmonic of the first. 

5. 1.4. 2 Vacuum Tube Voltmeter. Another device of great utility in elec- 
tronic development was the vacuum tube voltmeter. About 1915, Heising 



Fig. 4-84. Original crystal and its holder used for the first crystal-controlled broadcast 
transmission (station WEAF). 
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noted that a properly biased electron tube, offering an extremely high 
input impedance over a wide frequency range, could be operated so 
that its plate current, measurable with a simple dc meter, was related 
to the ac voltage applied to the input. He used a known dc voltage as a 
reference standard, with a voltage divider adjusted to give a plate current 
equal to that with the unknown ac voltage (Fig. 4-85). 

5.1.43 Volume Indicator. When electron tubes were introduced into 
telephony, particularly radio telephony, it became desirable to adjust the 
input level to the maximum the tubes could carry without distorting 
speech. To accomplish this, E. L. Nelson devised in 1922 the volume indi- 
cator (Fig. 4-86), essentially a simple form of damped vacuum tube 
voltmeter in which the dc meter in the plate circuit followed the envelope 
of the speech wave. In use, the speech applied to an amplifier was 
adjusted so that the swings of the volume indicator seldom exceeded a 
prearranged amount. 

With some modification this has become the device now known as the 
VU meter, commonly used today for electrical measurement of speech 
levels in volume units. 

5.1.4.4 Cathode Ray Oscilloscope. A device which could give a visual 
trace of the shape of speech waves, or other alternating-current waves, 
was obviously much needed in pursuing transmission studies. Oscillo- 
graphs, using mechanical elements such as galvanometer movements, 
were unsatisfactory because their inertia was too great to follow the 
frequencies of speech. The cathode ray tube, invented in 1897 by the 
German, Karl Ferdinand Braun, appeared to be ideal for this purpose 
since it employed an electron beam focused on a fluorescent screen. 





Fig. 4-85. Basic circuit of the Heising vacuum tube voltmeter. 
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In Braun's original tube the beam was electromagnetically deflected; 
subsequent developments made use of electrostatic deflection by means 
of internal electrodes. 

Unfortunately, in its original form the Braun tube required a steady po- 
tential of 10,000 to 50,000 volts to accelerate the electron beam. Such a 
voltage supply was not only dangerous but would, in the twenties, have 
been bulky and expensive. J. B. Johnson, working in the Engineering 
Department of Western Electric in the early twenties, solved the problem 
with a cathode ray tube requiring only 300-400 volts. He accom- 
plished this by using a Wehnelt cathode consisting of an oxide-coated 
platinum ribbon of the same type that had been developed for long-life 
repeater tubes. With a copious supply of electrons thus available, the 
necessary operating voltage was determined primarily by the speed with 
which the electrons must bombard the fluorescent material on the screen. 
With the low-voltage electron beam, focusing became a problem, but 
Johnson's co-worker H. J. van der Bijl solved this ingeniously by intro- 
ducing a small amount of gas in the tube. Ions from the gas, interacting 
with stray electrons, set up a field surrounding the beam which tended to 
pull the electrons inward and so counteract the spreading due to mutual 
repulsion within the beam. These techniques made the cathode ray oscil- 
loscope a practical laboratory tool and Western Electric furnished many 
cathode ray tubes to experimenters and to oscilloscope manufacturers. 

5.2 Transmission Objectives and Standards 

It is difficult to describe the grade of transmission provided during the 
first 50 years of telephony in terms that have significance today. As 
noted previously, transmission performance and standards were speci- 
fied on a volume basis in terms of the standard cable reference system. 
The telephone instruments used commercially, and in the reference 
system, were designed for maximum efficiency at about 1,000 hertz, 
the response falling off rapidly above and below that frequency. With 
such instruments it was possible to achieve maximum speech loudness 
and consequently maximum transmission distance at a time when the 
conquest of distance was a major objective of transmission engineers. 
With a little practice, speech from these instruments proved intelligible 
enough to be usable but was highly distorted and obviously very much 
poorer than today's reader would infer from the attenuation of the 
reference system. In some cases (the first transcontinental line, for ex- 
ample) the performance was quite poor by present standards but was 
considered commercially usable under the conditions then current. 

Another problem in describing early transmission performance arises 
from the fact that the standards were usually specified in terms of 
limiting loss, i.e., the loss when all components of the plant (the sub- 
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scribers' loops and the trunks) were at their limit. Obviously, many 
loops and trunks were much better than the limiting value, so that the 
average performance was considerably better than the limit, but it is 
difficult to say, at this late date, how much better or to estimate the 
probability of obtaining a limited connection. On the other hand, limit- 
ing losses were occasionally exceeded during bad weather, or under 
trouble conditions, or on particularly long switched connections. 

A final problem is the lack of specific and detailed information on 
standards in the early years. Much was left to the judgment of individual 
managers, and the major criterion was often pragmatic. A circuit that 
could be used, even if many repetitions were required, was obviously 
better than no circuit at all, regardless of what headquarters said about 
standards. The availability of loading and repeaters made it much more 
feasible to work to a systematic set of standards and, generally speaking, 
limiting losses of about 20 miles of standard cable for local calls and 30 
miles for long-distance calls were fairly common in the period just follow- 
ing World War I and in the early 1920s. By the late 1920s and early 1930s 
limiting objectives of 15 to 18 dB (the numbers are approximately the 
same as numbers of miles of standard cable) for local calls and about 25 
dB for toll calls were more common. 

It is interesting to look at the attenuations characterizing some of the 
early, very long haul circuits. Prior to loading, 165-mil copper wire 
circuits were the best available, and this facility was used at the turn of 
the century for distances of over 1,000 miles. With an attenuation of 
0.033 dB per mile this meant a toll line loss of about 35 dB in dry 
weather. To this must be added the loss of the customer's loop 
and the trunk from his office to the toll office, which together 
certainly added another 5 to 7 dB at each end. The first trans- 
continental line was only a little better. The loss of the line and 
associated apparatus in dry weather was about 60 dB, this being 
reduced to 20 dB by the use of repeaters. However, the band transmitted 
was only about 900 hertz wide and this narrow band introduced a 
significant impairment as compared to the early circuits using non- 
loaded facilities. Under bad weather conditions the line loss practically 
doubled, and while the repeater gain was increased by manual 
adjustment to keep the overall loss within reasonable bounds, it was not 
practical to compensate fully for the losses introduced by rain, frost, 
and sleet. Fortunately, improvements in transcontinental telephony 
came along rapidly. By 1920, despite the delays resulting from engage- 
ment in World War I, the number of repeaters that could be used 
successfully on the line had been increased to 12, which permitted the 
unloading of the entire line. These two changes, together with improved 
repeater balancing, permitted the reduction of the net loss on the 
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transcontinental line to 11 dB and permitted doubling the bandwidth. 
The elimination of loading lowered the impedance by a factor of 
3.5, thus reducing the effect of leakage during bad weather, and, 
even more importantly, increased the speed of transmission by the same 
factor of 3.5, thereby reducing the effects of echo to where they 
were insignificant. 

5.3 Control of Interference 

Several kinds of external electrical waves, picked up by telephone 
lines, can interfere with proper reception of the wanted telephone signal. 

One of the most troublesome in the early days, and later when 
carrier techniques were introduced, was unwanted speech from nearby 
telephone circuits. Generically, such interference is known as "cross- 
talk," but often the term is used only to designate intelligible speech 
interference. When crosstalk comes from many circuits, the various 
disturbers may so interfere with each other that the result is 
unintelligible and it is referred to as "babble" or "crosstalk noise." 
Babble is undesirable, as are other forms of noise, because it provides 
an annoying background of sound and may interfere with reception 
by covering up, or masking, the weaker speech signals. Intelligible 
crosstalk is particularly undesirable since it represents a violation of the 
privacy of communication. Carrier transmission can give rise to both 
intelligible crosstalk and babble similar to that arising in voice- 
frequency circuits. In addition, the frequency translation process may 
produce a form of crosstalk that has the speech frequencies inverted 
or displaced as compared to the original. Such speech sounds are 
much less intelligible than simple crosstalk, but the speech origin is 
recognizable from the rhythm of the sound. As noted in the discus- 
sion of Type C carrier, systems are often designed to produce 
inversion or displacement by proper choice of carrier frequency and 
thereby attain a so-called "staggering advantage" which permits 
crosstalk levels several dB higher than with intelligible speech. This 
technique is advantageous when there are only a few sources. When 
there are many staggered sources there is a babble similar to that from 
unstaggered sources. 

Atmospheric static, another source of interference of importance in the 
very early days, was brought under control rather easily but again 
became of considerable importance with carrier. The level of atmospheric 
noise is greatest at low frequencies and falls off rather rapidly as 
frequencies increase. Ground-return telephone lines acted as long radio 
antennas and on such lines this type of interference was audible 
even with relatively inefficient telephone receivers, particularly a ran- 
domly occurring swishing or whistling sound. Long after atmospheric 
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noise on voice-frequency circuits was eliminated by the use of metallic 
lines, these "whistlers" were identified as waves, generated by 
lightning discharges in the atmosphere, that had traveled many times 
around the world and had been spread out in time because the 
frequency components had been differently diffracted and hence 
traveled paths of different lengths in their long journey. The lower- 
magnitude, high-frequency sounds only became important in the 1920s 
and later when the high amplification used with carrier raised them 
to levels which could interfere with speech. These crackling-type 
noises were produced only by rather nearby thunderstorms and occurred 
very infrequently. During local thunderstorms, however, they could be 
quite high in level and were important factors in determining carrier 
system power level and repeater gain. 

Electric railways and power lines can also be a serious source of 
noise. Neither of these was of much importance when the telephone 
was invented, but within ten or fifteen years arc lighting, electric 
railways, and alternating-current power transmission were introduced 
and commenced a rapid growth. It might appear that little 
interference would result from these applications of electricity because 
they employ frequencies well below the telephone range. In practice, 
however, the waveform is far from "pure" and contains many 
high frequencies superposed on the basic direct-current or 60-hertz 
power frequency. The use of metallic lines did much to bring this 
type of interference under control, but as time went on and communica- 
tion and power transmission developed, literally side by side, further 
measures were required. 

In addition to being a cause of annoyance by inducing noise, 
both atmospheric and power currents could be a source of danger. 
Nearby thunderstorms could induce high potential on telephone lines 
and direct lightning strikes could cause personal injury to a telephone 
user or seriously damage telephone equipment. Very long and close 
exposures to power lines could result in the buildup of undesirably 
high voltages on telephone lines and, even where such voltages 
were normally not excessive, the heavy power currents during power 
line faults could cause a dangerous situation. Obviously, a direct 
"cross" between telephone and high-voltage lines was a matter of serious 
concern . From the beginning of telephony the necessity for protecting 
the telephone user and telephone plant from these potential dangers 
was recognized and much effort has been devoted to the develop- 
ment of adequate protective measures ever since the very early days. 

The following sections discuss briefly some of the work, during the 
first 50 years of the telephone, that was devoted to control of 
voltages from external sources so as to reduce crosstalk and noise and 
protect the user against physical harm. 
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5.3.1 Crosstalk Control 

Practically from the beginning, the control of crosstalk was an 
important factor influencing the design of the transmission medium 
itself. In the very early days, attenuation was the controlling factor 
in determining limiting transmission distance, but once amplification 
became available, crosstalk often determined ultimate system per- 
formance in terms of distance and in other ways. This was particularly 
the case with carrier systems. 

In the early years, as we have noted, metallic circuits were 
adopted in place of ground return in order to reduce crosstalk and 
noise. They proved rather disappointing in reducing crosstalk, par- 
ticularly on open wire lines, but the metallic principle was indirectly 
responsible for interference control since it permitted the use of 
measures which ultimately proved the basis for success in this field. 

At this point we should refer back to Fig. 4-6 and note that the 
current carried by one pair on a line is induced unequally in the 
wires of adjacent pairs giving rise to a residual, unwanted, 
“crosstalk current." The crosstalk current may be transferred from 
the disturbing circuit by inductive coupling (i.e., by magnetic lines of 
force) or by capacitive coupling (i.e., by the capacitances between the 
various wires). 66 

Crosstalk can be reduced by any means that tends to equalize the 
current induced in the two wires. One way is to have the wires 
in the pair close together relative to the distance from the disturbing 
pair, and this principle has been used to some extent. Another 
approach is to use configurations such that the electric and magnetic 
field from a pair has the same effect on each wire of the disturbed 
pair. Such configurations are shown in Fig. 4-87. (The left one 
represents the “star-quad," used extensively in European cable con- 
struction.) Neither of these configurations has proved practical for 
open wire construction. The most effective measure for open wire 
by far has been the transposition illustrated in Fig. 4-6. 

The transposition principle appears very simple since, offhand, it 
seems only necessary to balance out the undesired induced currents 
by “turning over" or transposing the relative positions of the wires of 
the disturbing and disturbed circuits. Physically, this can be ac- 
complished very easily on cable pairs by giving them a twist every 
few inches. In practice, this by itself was not sufficient since it was 
found that irregularities or differences in the resistance or capacitance 

66 The possibility of transferring crosstalk through capacitive coupling seems to have 
been questioned by some practitioners. J. J. Carty, by means of a series of ingenious 
experiments, reported in 1891, clearly demonstrated the possibility but he seems to have 
overestimated somewhat the importance of this kind of coupling on typical open wire lines. 
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Fig. 4-87. Crosstalk-free wire configurations. 


of the wires in a pair would prevent complete cancellation of the 
crosstalk current. This problem was solved, as we have noted 
earlier, by developing cables with wires having a high degree of 
uniformity and in some cases by correcting for the residual un- 
balances by compensating splices. Residual balances were also 
corrected by the use of corrective capacitors or inductors. The latter 
technique was to be used extensively with the introduction of long- 
haul cable carrier (Type K) in the late 1930s, and this and other 
ingenious techniques were used in applying carrier to cable in the second 
half-century of telephony. Until that time, adequately low crosstalk 
was obtained on cables by using careful control in manufacture, 
compensating splices, and an adequate number of twist lengths to 
provide frequent, relative turnovers on adjacent or nearby pairs. 

The physical problems were greater with open wire since it was 
desirable to minimize the number of transpositions because they com- 
plicated line construction and were costly to make. In addition, the 
wires of the pair were far enough apart so that some crosstalk 
was caused by nearly every pair on a pole line. Crosstalk on open 
wire, as in cable, was influenced by unbalanced capacitance or resistance 
and, in addition, rather small irregularities in construction were 
important. For example, as carrier techniques were introduced, it was 
found that small differences in wire sag caused significant unbalances. 

As a consequence, much work was devoted to the design of transposi- 
tion systems that would adequately meet current needs with minimum 
transposition cost. This work, which began in the 1890s, continued for 
40 or 50 years as new transmission techniques were introduced which 
complicated the crosstalk problem. Some appreciation of how these 
problems were solved is essential to understanding the growth of 
transmission, but first we should lay some further groundwork. 

The discussion and illustration of crosstalk so far (Fig. 4-6) has been 
rather elementary and has not recognized a number of complicating 
factors. Consider, for example, the very simple situation with two pairs. 
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Fig. 4-88. Near-end and far-end crosstalk. (Redrawn from Babcock, Rentrop, and 
Thaeler 1955, Fig. 17) 

one acting as a disturber and the other as the disturbed circuit (Fig. 4-88) . 
Crosstalk induced in a short length of exposure travels in both directions 
from the point at which the induction occurs. That part going toward the 
same end of the line as the disturbing source is called “near-end cross- 
talk" and is designated NEXT. That part going to the distant end is “far- 
end crosstalk" and is designated FEXT. In each case crosstalk results from 
both capacitive and inductive coupling. For near-end crosstalk the two 
effects tend to add, whereas for far-end crosstalk the effects are in opposi- 
tion. Thus, on short circuits NEXT may be rather more severe than FEXT, 
but this is not necessarily true for long circuits since the near-end 
effect is determined very largely by coupling at the sending end 67 
whereas FEXT adds up throughout the line. In the days before the 
use of repeaters, far-end crosstalk was often the controlling factor 
on long open wire lines. 

With the advent of repeaters the importance of NEXT was 
greatly increased. Consider the situation illustrated in Fig. 4-89. 
At the output of the west amplifier of the disturbing pair, the voice 
currents are at their highest level because they have just been 
amplified and the NEXT currents are correspondingly high on the 
disturbed pair. On the disturbed pair at the same point the wanted 
voice currents coming from the opposite direction are at low level 
because of the attenuation involved between the east and west repeaters 
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67 The technical reader will note that the speech on the disturbing circuit is attenuated by 
the line as the distance from the sending end increases. With NEXT the crosstalk current is 
also attenuated on its return over the disturbed circuit. Hence the effect of coupling at a 
distance is small. With far-end crosstalk the wanted and unwanted (crosstalk) sounds are 
attenuated together and consequently the ratio of the unwanted to wanted sounds increases 
with distance. 
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Fig. 4-89. Near-end crosstalk on repeatered circuits. (Redrawn from Babcock, Rentrop, 
and Thaeler 1955, Fig. 18) 


and both the wanted and unwanted currents are amplified as they 
propagate to the west. Thus, crosstalk current generated through the 
near-end coupling at the west repeater is amplified by the west 
amplifier on both the disturbing and the disturbed circuits. A similar 
analysis of FEXT will show that it is (for this simple example) 
unaffecte'd by repeaters since they amplify the wanted and unwanted 
currents equally. Thus, when repeaters were introduced, NEXT be- 
came of very great importance. At carrier frequencies, where the 
coupling between circuits and the amplifier gain are both very high, 
it becomes impractical to control NEXT by means of transpositions, 
so that other techniques must be used. In cable carrier a common 
method is to use different cables (or the equivalent shielded groups) for 
the different directions of transmission so that there is essentially no 
NEXT exposure. On open wire lines the same thing is accomplished by 
using different frequencies for the two directions of transmission . 68 

So far, we have been discussing direct crosstalk, that is, cross- 
talk resulting from direct coupling between two circuits. Indirect cross- 
talk also occurs when there are more than two circuits on a line. The 
disturbing circuit crosstalks into a tertiary circuit which in turn cross- 
talks into the disturbed circuit. In fact, some form of indirect 
crosstalk is unavoidable, since even with only two pairs on a line, 
there are always tertiary circuits in existence such as the simplex circuit 
with ground return or the phantom circuit. In actuality, therefore, 
the crosstalk on a line is always the sum of that received over the 
direct and all of the indirect paths. In many cases indirect crosstalk is 
a second- order effect of not too great significance, but it can play an 
important part in the design of transpositions since it is obvious 
that the tertiary modifies their effect. 

88 The T ype N cable carrier system introduced i n 1950 also used different frequency bands 
for the two directions. 
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A particularly important type of indirect crosstalk can occur on re- 
peatered lines. One such is illustrated in Fig. 4-90, which shows how 
crosstalk through two near-end paths can be amplified twice and can 
end up as high-level far-end crosstalk. Such crosstalk, usually referred 
to as near-end-near-end interaction crosstalk, can be quite important 
when only a few carrier systems are installed on a large pole line or 
cable since the only cure for this type of crosstalk requires the 
blocking of carrier signals in the many unequipped tertiary circuits. 

Many other aspects of crosstalk had to be analyzed and their 
effects determined before adequate transposition systems could be 
designed for carrier systems. Without going into more of these situations, 
it should be apparent that the art of crosstalk reduction, particularly 
at carrier frequencies, required a highly sophisticated approach in- 
volving both theoretical analysis and a large amount of experimental 
effort. Much of the latter work was carried out on an abandoned 
open wire line at Phoenixville, Pennsylvania, which was also used for 
testing insulators and determining the attenuation at carrier frequencies 
of open wire lines having different configurations and operating under 
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Fig. 4-90. Near-end-near-end interaction crosstalk. (Redrawn from Babcock, Rentrop, 
and Thaeler 1955, Fig. 22) 


Wire Transmission 


331 


various weather conditions. 69 By the middle of the 1930s the theory 
of crosstalk had been well developed and had been tested to the point 
where transposition could be carried out on a more or less routine 
basis. This work was largely done by A. G. Chapman, building on 
theoretical contributions by G. A. Campbell and R. S. Hoyt. 

Before concluding the discussion of crosstalk we should review the 
physical development of transposition systems and see how the evolving 
theoretical crosstalk studies were reduced to practice. 

The beginning of the long period of transposition design effort 
dates from 1885-1886. At that time the first line of the newly 
formed long-distance company (AT&TCo) was being completed be- 
tween New York and Philadelphia. It consisted of 12 metallic circuits, 
the first instance of such a large number on the same long-distance 
pole line. Contrary to previous experience with lines having fewer 
circuits, the crosstalk performance was nearly as bad as on ground- 
return circuits. As was stated in Section 2.2, dealing with open wire 
lines, John A. Barrett was engaged to study the problem and work out 
a solution. The general concept of reducing crosstalk by twisting wires 
was not new at this time, but there was no prior experience in 
applying the technique to open wire lines. Despite the lack of back- 
ground, Barrett devised within a few months the so-called ABC trans- 
position scheme shown in Fig. 4-91. With this system successive trans- 
position poles, spaced about 1,300 feet or ten poles apart, were lettered 
A, B, C, B, A, B, C, B, A, and so on. On poles designated by the same 
letter, the same circuits were transposed as shown in the figure. 

This system was easy to install because of its repetitive pattern, 
and worked reasonably well when the number of circuits was small, 
but later was found to be inadequate with large numbers of circuits. 
Some of the reasons for this now appear rather obvious. Since all alter- 
nate crossarms were transposed alike, there was considerable coupling 
between arms 1 and 3, and also between 2 and 4. In addition, 
the outermost pairs on a given arm were transposed at the same 
point and hence were not transposed relative to each other. The ABC 
system was therefore superseded in 1898 by the so-called standard sys- 
tem which remained the basic pattern for many years. This new system 


69 One of the interesting outputs from this work was the suggestion by L. T. Wilson to 
replace the previously used wooden insulator pins with metal pins and a low-resistance 
electrical connection between the pins associated with the two wires of a pair. At high 
carrier frequencies, the current flowing from wire to wire through the insulators was largely 
determined by the insulator capacitance. Reducing the resistance path between insulators 
had negligible effect on this current but reduced the power loss (1 2 R) through the path with 
corresponding decrease in line attenuation. This technique also reduced the variation in 
loss between wet and dry weather. 
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Fig. 4-91. The ABC transposition system, shown above, was the first to result 
commercially from Barrett's invention. (Redrawn from Hill 1949, Fig. 1) 


and modifications made in it much later were all based, to a large extent, 
on principles outlined in the Barrett patent of 1888. 70 

The standard system was based on the use of repetitive 8-mile 
sections consisting of 320 spans (i.e., spaces between poles) each 
130 feet long. This basic section was divided into 32 transposition 
intervals of ten spans each. For the basic section Barrett devised a 
system which contained 32 different transposition types, as shown in 
Fig. 4-92, which varied all the way from 0 to 31 transpositions in 
the section. With such a scheme 32 pairs could be used, each of which 
would have one or more transpositions relative to every other pair. 
For example, a Type O pair had 1 transposition relative to the un- 

70 This patent outlined the need for relative transpositions and showed how a scheme 
could be built up on a given basic section of line using 0, 1, 2, 3, etc. , transposition points on 
different pairs. It is apparent that Barrett had a remarkably sound understanding of 
transposition design, but in terms of present knowledge he somewhat overestimated the 
importance of diagonally adjacent pairs and also overestimated the shielding effect of 
nearby pairs. 
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transposed Type P pair (or to the 2-transposition Type N pair). 
Similarly, Type a had 1 relative transposition as compared to Type b, 
but it had 31 relative to P. This scheme provided great flexibility 
since the types could be arranged to provide a large number of 
relative transpositions between closely coupled pairs and fewer between 
remote pairs. Even a full six-arm line, with 30 pairs, could be transposed 
without repeating types within the transposition section. 

This basic system worked very well for voice-frequency circuits but 
was not suitable for the higher-frequency carrier currents, and a number 
of line and transposition modifications were introduced to meet carrier 
needs. One of the first requirements was the use of shorter 
distances between transposition points. The reason for this is that a 
transposition interval, to be effective, must have very little attenuation 
and phase shift. Otherwise the induced currents on the two sides 
of the transposition may not be sufficiently alike to cancel out.- This 
requirement was met satisfactorily with the basic system in the case of 
voice frequencies but not with carrier. For the latter, a scheme was 
devised whereby a transposition would be placed in the middle of each 
interval of the basic scheme. This resulted in 32 extra transpositions 
for each letter type in an 8-mile section and, in effect, gave 32 additional 
transposition types to use along with the original 32 fundamental 
types. They were called "single extras." Later, as frequencies were 
increased and shorter intervals were required, double and higher- 
order extras were added. Throughout this evolution the basic types 
devised by Barrett were retained but the use of ten-span intervals was 
not satisfactory for the higher-order extras since they sometimes 
resulted in unequal numbers of spans between transpositions. To reduce 
this problem the basic interval was reduced to eight, and the basic 
section to 256 spans (6.4 miles). 

These changes took care of the attenuation and phase shift problems, 
but carrier also increased the effect of minor physical differences 
between pairs and transposition intervals. Improvement in these 
factors was required in the middle 1930s when long-haul carrier 
(Type J) using frequencies up to 143 kHz was introduced. These 
improvements were accomplished by reducing the spacing between the 
wires in each pair to 8 inches (with an increase in the distance 
between pairs) and by eliminating both phantom and pole-pair 
circuits which introduced hard-to-control tertiary circuits. 71 In addition, 
point-type transpositions were used in place of drop brackets (Fig. 
4-7) and the regularity of sag and pole spacing were improved. 
Where uniform spacing was not practical because of natural obstacles. 


71 It was at this time that the crossarm configuration shown in (c) of Fig. 4-4 was adopted. 
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transpositions were made within the span by means of a bracket 
(Fig. 4-93) supported by the wires between poles. 

In order to simplify the discussion of transposition, it has been 
carried out in terms of means for handling pairs. Obviously, phantom 
groups also had to be transposed and suitable schemes were provided 
for voice-frequency circuits. However, they greatly complicated the 
use of carrier and when 12-channel carrier became available, the use of 
phantoms was gradually eliminated since a carrier circuit proved less 
costly than the transposition and other line rearrangements required to 
provide the phantoms. 

5.3.2 Noise Control 

A major step in noise control was taken with the introduction of 
metallic circuits. For more-or-less-distant sources of power or railway 
noise, this measure balanced to a very large extent the induced 
noise in the two wires of the pair. When the source of interference 
was close and the exposures were long, the unbalance was imperfect, 
but the transpositions introduced to control crosstalk were also highly 
effective in reducing induced noise. 

The control of crosstalk did not automatically control noise. Cross- 
talk coupling tended to increase with frequency and hence crosstalk 
balancing was most important at the middle and upper voice 



Fig. 4-93. Span transposition bracket. (Babcock, Rentrop, and Thaeler 1955, Fig. 16) 
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frequencies. Noise from power and railway sources was largely 
concentrated in the lower voice range and its successful reduction 
often required specific measures to achieve good balance at these 
frequencies. For example, it was common practice to call a telephone 
user to his phone by means of a 16-hertz ringer connected between 
one side of his loop and ground. Such ringers had a reasonably 
high impedance in the upper voice region and hence the unbalance 
to ground was not very important from a crosstalk standpoint. 
However, the ringers, of necessity, had to have low impedance at 
the ringing frequency and consequently the unbalance tended to be 
significant at 180 and 300 hertz which were important noise frequencies. 
Consequently, arrangements had to be devised that were adequate 
for ringing but with sufficiently high impedance at low frequencies to 
keep noise at acceptable levels. Similarly, central- office circuits had to 
be designed so that they performed their major functions properly 
and still were acceptable from the standpoint of balance at the important 
noise and crosstalk frequencies. Thus, over the years, a high degree 
of cooperation was required between the developers of telephone 
station apparatus, switching equipment, and transmission systems. 

Prior to 1900 the telephone and power industries developed more or 
less independently, adequate noise control being obtained through the 
relatively simple means mentioned. However, interference problems in- 
creased rapidly in the first quarter of the twentieth century as both 
industries not only grew rapidly but also strove to better meet their 
customer needs. The communication industry raised its standards of 
service by placing lower limits on acceptable interference and by intro- 
ducing amplification and higher efficiency receivers. The power 
companies spread their lines to give wide geographic coverage and 
delivered more and more electrical energy to their customers. Separa- 
tion between the two types of lines was decreased, exposures be- 
came longer, and interference problems multiplied. A joint committee on 
inductive interference made up of telephone and power engineers 
conducted studies and tests in California in 1913-1917 in an attempt 
to resolve this growing problem, but all too often litigation was 
becoming the accepted approach with each side attempting to force the 
other to solve the problem. 

In the latter part of 1920 it was evident that the situation was 
menacing both industries, and in early 1921 a group of power and 
telephone men met under the chairmanship of Owen D. Young of the 
General Electric Company to form a permanent committee to work 
out jointly a solution to the interference problem. This group, which 
later became known as the Joint General Committee of the National 
Electric Light Association (NELA) and the Bell Telephone System, 
established a subcommittee made up of power and telephone engineers 
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headed jointly by R. F. Pack from the NELA interests and Bancroft 
Gherardi of AT&TCo. This subcommittee was charged with identifying 
the situations giving rise to the interference problem and with deter- 
mining the best technical solution regardless of the division of cost. 

During the next year or so, progress appeared to be slow, but in 
retrospect it is clear that the major step in solving the interference 
problem had already been taken when the decision was made to find 
solutions on an engineering basis instead of through litigation. This 
was easier said than done, since it was soon found that the technical 
information on which to base corrective measures in the power and 
telephone field was often not available. It was necessary, therefore, to 
organize theoretical and experimental programs to provide the necessary 
data. This was done by telephone and power groups operating in 
various parts of the country where suitable facilities were available, 
and a long series of reports on these investigations was issued by the 
Joint Committee beginning about 1925 and extending over a period of 
years. These reports covered the characteristics of power lines and loads 
causing harmonic generation, the telephone line and equipment factors 
affecting coupling, the effects of noise on the transmission of speech, 
means for measuring telephone-line noise and power-line interference 
factors, and so on. Although some of this work was done prior to 
1925, the major part of the effort was reported on and applied later. 
It is sufficient to point out here that the basic groundwork was 
laid by the formation of the 1922 Joint Committee and that nine 
years later Mr. Pack, in opening a symposium, was able to say, 
"Today inductive coordination as between the Bell Telephone System 
and the power companies is no longer a problem but only a routine 
day-to-day job of cooperatively continuing research work and de- 
veloping the art of both systems to eliminate as far as possible causes 
for inductive interference." 

5.3.3 Electrical Protection 

At the beginning, the problems of electrical protection were 
basically the same as those faced by the telegraph industry and 
were solved in the same manner. Practically the only danger came 
from lightning surges, and protection was provided by a small spark gap 
between the wires and ground. The very simplest form consisted 
of two pieces of silk-insulated wire twisted together. A lightning surge 
would puncture the insulation and provide a path between the line 
wire and the one connected to ground. A more highly developed 
arrangement was made up of two small metal plates, the edges of 
which were separated by an air gap. Often the edge of one plate was 
serrated to promote more uniform breakdown voltages. Such a 
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protector is shown just above the ringer gongs on the telephone 
pictured in Fig. 4-94. This telephone was one of the first in com- 
mercial use (circa 1878), and illustrates the very early recognition 
of the telephone protection problem. The line could be grounded as 
further protection during a storm by inserting a brass plug in the 
circular opening between plates. 

The telephone problem soon required special techniques, as telephone 
lines were extended into the same areas where the growing electric 
power and transit industries were spreading. With the increasing 
proximity to these systems, the dangers of high voltages and currents 
from induction or accidental contact increased. Furthermore, telephone 
instruments were small and particularly sensitive to high voltages 
which could break down the wire insulation and to heavy currents 
which could overheat the wires and present a fire hazard. Finally, 
since telephones were installed in homes where technical skills were 
unavailable, very safe and maintenance-free protective devices were 
required. These factors set the basic requirements for protective 
devices, namely, they must protect the user from physical harm, avoid 
the buildup of voltages and currents that would damage equipment, 
and operate with minimum interruption to service. 

Various devices using the fuse principle were introduced to provide 
the needed protection but were not entirely satisfactory. In 1890, 
Hammond V. Hayes made a comprehensive study of the protection 
problem. He concluded that a protection system should contain 
three elements: 

(i) A spark gap connected between each wire and ground which 
would break down at voltages exceeding about 400 volts. 

(ii ) A fuse in each wire (on the line side of the gap) which would 
interrupt the circuit when the current continued after the gap 
breakdown and exceeded 8 to 10 amperes. 

(hi) A heat coil, or sneak-current arrester, which would operate on a 
persistent voltage too low to operate the gap but high enough to 
cause currents damaging to the telephone equipment. Such cur- 
rents would gradually increase the temperature of the heat coil 
until a fusible plug melted, releasing a plunger which grounded 
the circuit. 

These three elements have formed the basis of telephone protec- 
tion practically to the present day, even though many improvements 
and modifications have been made as time passed. 72 

72 For example, most of these devices are now omitted on completely underground 
installations since the chances of excessive currents and voltages are essentially nil. In the 
1950s, fuses on the customer premises were found to be no longer necessary since currents 
sufficient to operate them were practically non-existent and fine-gauge conductors served 
the same purpose as fuses on the few occasions where needed. Still later, as transistorized 
apparatus was introduced, the protection given by spark gaps was inadequate to prevent 
breakdown of the low-voltage apparatus used in these circuits and solid-state protectors 
were used to supplement the gap. 
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Fig. 4-94. Airgap protector on early telephone (circa 1878). 


Fig. 4-95. Steps in the development of the protector block, (a) The formerly standard 
combination of the No. 1 and No. 2 protector blocks and the No. 3 mica. This was used 
for central-office and substation protection, (b) The formerly standard copper block 
protector, consisting of the No. 19 and No. 20 protector blocks and the No. 10 mica, (c) 
The final step in development, wherein the separator is omitted and proper separation is 
secured by depressing the carbon insert. (Redrawn from D. T. May 1932, Figs. 1 and 2) 


All three of these elements were available in one form or another 
before the Hayes study, but considerable development effort was 
required to produce a reliable system. 

A major problem with the spark gap (often called a “protector”) 
was to produce a device that would not permanently short-circuit 
after a few discharges and thus require an expensive visit by a 
maintenance man to replace the protector at the customer's premises. 
It was found that carbon was a more suitable material for the gap 
than metal, since a wider spacing met the same breakdown require- 
ments and the gap was more nearly self-cleaning because the carbon 
tended to bum away at the sparking point whereas metal could 
melt and form a permanent bridge. Such a protector made up of two 
parallel carbon plates with a mica separator was standardized about 
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1890 and used for both central office and substation protection for many 
years (Fig. 4-95a). A similar copper block was used where a higher 
breakdown voltage could be tolerated (Fig. 4-95b), and was sometimes 
used in parallel with a carbon block to reduce the number of dis- 
charges of the latter. 

By 1914 the telephone system had expanded to the point where the 
high maintenance cost of protectors had become a serious concern. 
A vacuum arrester was tried but was found to be impractical be- 
cause of breakage and loss of vacuum and the delay in operation as 
compared to airgap devices. 73 Intensive work was therefore begun on the 
design of a block which would be inexpensive to manufacture and 
maintain. Many designs were tried, the final product being the No. 
26/27-type block (and other members of the same generic type 
meeting somewhat different physical and electrical requirements). This 
protector, shown in Fig. 4-95c, consisted of a hard carbon block (earlier 
blocks used a soft carbon) and a porcelain block in which was 
mounted a small carbon block, the latter being ground 0.0028 
inch 74 below the procelain. This two-piece construction eliminated the 
need for the separator, which had presented serious problems in man- 
ufacture and handling. 

The need for short-circuiting protector blocks when an arc presisted 
had long been recognized since overheated blocks and mountings 
would constitute a fire hazard. In the protector formerly standard, 
with the No. 1 and No. 2 carbon blocks, this need was filled by insert- 
ing in one of the blocks a plug of metal with a low melting 
point which would melt to bridge the gap between the blocks. 
In the new block it was achieved by using a lead-borate glass to 
mount the small carbon block in the porcelain block. This material 
does not cold-flow, but softens at a comparatively low temperature 
and allows the pressure of the clamping spring in the protector 
mounting to move the carbon insert into contact with the block 
connected to ground. 

Fuses had been used as early as 1884, when Theodore Vail 
designed one consisting of a tinfoil conductor, laid in a channel cut 
in the side of a non-conducting rod. He was granted a patent in the 
following year. Various modifications of this basic idea were invented 
by Hibbard, White, and Hayes. A fundamental problem in the design 
of fuses is that they must open reliably and safely on reasonably 
low current (usually continuous currents of 5 amperes or more and short - 

73 The search for a practical arrester with hermetically sealed container was periodically 
revived because of its great potential for maintenance-free operation. By 1964 the 460A gas 
tube had met the necessary requirements and was being used where the economic climate 
was favorable. 

74 A tolerance of only ±0.0004 inch is permitted. 
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duration currents of about 8 amperes), but should not operate on 
lightning surges. One of the most practical arrangements was to place the 
fuse wire in an insulating, heat-resistant tube. Usually the tube was 
filled with asbestos or similar material to help quench the arc resulting 
when the wire is vaporized. Figure 4-96 illustrates the general 
configuration and also shows the means for electrical connection and the 
vents which exhaust the gases generated when the fuse blows. 

A primitive sneak-current arrester had been patented by I. H. 
Famham in 1887. He used a ball of wax or pitch between a stiff 
spring, connected to the line, and a ground electrode. This device 
was associated with the equipment to be protected and when the 
latter overheated, the wax melted and the spring provided a bypass 
for the current. A more reliable device was the heat coil, developed by 
Hammond Hayes and W. L. Richards in the early 1890s. It introduced 
into the line circuit a small coil of insulated wire wound on a fine copper 
tube in which a pin was soldered with an alloy that melted at a low tem- 
perature. When sufficient sneak current flowed through the coil, the 
heat which was generated melted the alloy and allowed the pin to be 
forced into contact with a ground plate (Fig. 4-97). 

During the early 1900s, as the power companies increased power- 
line potential, there was much effort devoted to meeting the needs for 
high-voltage protection. Considerable improvement was made in fuses 
and protector blocks (the 26/27-type block was one of the products of 
this work), but up to 1925 reliable protection was available only against 
lines having voltages of up to about 3,000 volts to ground (about 
5,000 volts between phase wires). Exposure to greater voltages were 
avoided or, where physical crossovers were unavoidable, the telephone 
lines were buried or otherwise insulated against contact. After 1925, 



Fig. 4 -96. No. 11 tubular fuse. (Savage 1933) 
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SNEAK CURRENT ARRESTOR HEATING COIL 



Fig. 4-97. Early form of heat coil and mounting for central-office use (1899) 


the joint work (already mentioned) by the Edison Institute and the Bell 
System provided techniques for joint use of pole lines at somewhat 
higher voltages. 

As cables came into use for entrances to cities, it became necessary 
to protect them from the high voltages induced on the long open 
wire lines to which they were connected. Much work was done on this 
matter, beginning about 1905. The problem was solved by using a 
number of devices at the junction between the wire and cable, such as 
protector blocks, fuses, insulating repeating coils, and so on. 


5.4 Cost Studies 

Once telephony changed from a scientific miracle to an accomplished 
fact, concern for minimizing cost developed rapidly. It was apparent 
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that Bell's goal of a nationwide communication system could be 
achieved only if the benefits were worth the charges. In providing 
local service, much of the cost was in the telephone instruments 
and means for signaling and switching, while on long distance the 
transmission facilities accounted for the bulk of the cost and were a 
major limitation on the growth of this service prior to the advent of 
loading, repeaters, and carrier techniques. Until these cost-reducing 
measures were introduced, beginning in the early 1900s, there was little 
possibility for reduction in toll line costs; but even before this time, 
techniques were developed for minimizing the overall system cost. 

As will be explained more completely in Chapter 6, the early 

introduction of switching greatly reduced outside plant costs, since 

instead of the direct interconnection of all telephones, each user was 

given access (by means of a "loop”) to a central switching office at 

which point he was connected by a "switch" to another loop, in the 

case of a nearby user, or to a "trunk" connecting to a distant office 

where he could in turn be connected to the loop desired. This not only 

minimized the amount of wire required but made it possible to utilize 
_ ^ 

the trunks more efficiently since they could be kept more constantly in 
use. In the case of long-distance trunks, their use was increased 
further by the employment of delayed service so that they were less 
subject to the whims of the user and could be kept in operation 
almost continuously during the waking hours of the day. 

It is apparent that there are basic differences between loops and trunks. 
The former are short and large in number, whereas the latter 
are longer and relatively few as compared to loops (about one-tenth 
in the case of local trunks and far fewer for long distance). As a 
consequence, it was decided at an early date to use minimum-cost 
facilities for loops and reserve the high-quality, high-cost facilities 
for trunks, particularly those going long distances. Thus, loops employed 
inexpensive insulators and often used galvanized iron wire, since the 
total reduction in attenuation from better facilities would have been very 
small for the distances of up to a half-dozen miles that were common. 
Short trunks used 104-mil copper wire with high-grade insulators and 
the very heavy 165-mil open wire was reserved for the longest distances. 
In the cities, where congestion was an important factor, it was practical 
to use cable for short distances, the finer gauges being used for 
loops and the heavier for trunks. 

It is not clear just when it was realized that these general principles 
of selecting facilities could be developed into a systematic technique 
for design of minimum-cost plant, but it was certainly before 1906, 
when loop and trunk studies, aimed at achieving the best economic 
balance between these facilities, became part of the responsibility of 
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the AT&TCo Construction Department headed by F. L. Rhodes. It was 
also about this time that organizations were established for "fundamental 
planning," i.e., planning the growth of plant on the most economical 
basis to meet traffic needs in both the near and the more distant 
future. By 1925, the need for fundamental planning of central- office 
locations and subway, cable, and wire routes and economic assignment 
of type and size of facility had been long accepted and was an 
important part of the Engineering Department's responsiblity. 

The advent of loading, phantoms, and repeaters stimulated the 
development of other types of cost studies aimed at determining the 
most economic way to use these facilities for reducing wire size. 
Some of these studies were rather straightforward since it was 
relatively easy to balance the cost of loading coils or repeaters 
against the cost of copper. However, developing technology presented 
the designer with many choices affecting economy. For example, 
the resistance and core losses of loading coils reduced their effective- 
ness and hence required some offsetting increase in the wire size. 
For a price, these losses could be reduced, and it became important to 
determine how much should be spent on loading coils in order to save 
line wire. Similar questions arose endlessly in connection with the 
design of phantom coils, composite sets, repeater balancing networks, 
and so forth. Many of these problems justified specific, detailed 
cost studies, but others required a more general approach and for these 
an interesting concept was developed known as the W. A.C. (Warranted 
Annual Charge) of transmission. This was the annual cost of providing a 
transmission improvement of 1 mile of standard cable (or dB) in the most 
economic manner. Originally, this concept seems to have begun at a time 
when the use of additional copper was the only way to improve 
transmission, and it provided a useful means for determining the 
justifiable cost for improving repeating coils, central-office equipment, 
and so forth. For example, if the W.A.C. of transmission (based 
on copper) was at the rate of $50 per dB, then improvement in a 
repeating coil was justified up to the point where a small improvement 
just equaled this rate, at which point it would be in economic balance 
with wire plant (i.e., each 1/10 dB improvement in a coil was justified if 
it could be obtained for $5 a year or less; at the $5 rate the 
coil design was in balance with the remainder of the plant). 

Later the W.A.C. of transmission was derived in the course of loop 
and trunk studies for a plant with loops and trunks in economic 
balance. The process is too complicated to be described here. It is 
only necessary to note that by 1925 the process was highly sophisticated 
and formed the basis for designing a very complex telephone trans- 
mission plant made up of many elements each of which was designed 
to minimize the total plant cost. 
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Wire Transmission 345 


346 


Engineering and Science in the Bell System 



-'n! 




\ i, W M 

ri vV 
itfs ritfr 


>4 Vi'/.v/V^T ; ::M:S 




5K^wB» i'A 


w t or>*flats<r<iu«»s!i manB 

miim 

i^Ss^^Nbsk 

lf$ IW^IV wMSBhm 

•** %pM1 


n« 4 -.V 


Syi^fSC' 


sa®Mi 


mmm 


Ss«&W* 

iftSKWra 

Vz)£ A r -ff']wh'h 


-bjm&B 




Fig. 4-99. Toll lines of the Bell Telephone System in 1929. (Gherardi and Jewett 1930, p. 100) 








Wire Transmission 


347 


VI. SUMMARY 

The simplest way to summarize the wire transmission situation in the 
middle 1920s is to say that it had reached technical maturity. 

The first 25 years of telephony was largely the period of empiricism. 
Theoretical studies of wave propagation had started but their use by the 
practitioner was not great before the end of this period. However, in 
this new art of telephone transmission the empirical approach was highly 
productive and resulted in basic wire media, both open wire and 
cable, which were to continue in use for many years. 

The second 25 years of telephony were characterized by the growing 
knowledge and application of wire transmission theory. Analytic 
methods were increasingly applied not only to the solution of wire 
transmission problems but also were adapted for use in station apparatus 
design. The value of the application of transmission theory was 
manifested in many ways as indicated below. 

Growth of long-haul transmission facilities was extremely rapid. In 
1900, toll lines totaled 600,000 miles of wire or approximately 300,000 
miles of circuits. By the end of 1926, toll circuit miles had increased by 
a factor of ten. Even as late as 1906, the long-distance network was con- 
fined to the eastern part of the United States (Fig. 4-98). Twenty years 
later all parts of the country had been opened to telephony (Fig. 4-99). 

The use of the newer types of transmission media were greatly 
stimulated. In 1900, almost all toll circuits were open wire, but by 1926 
about 45 percent of the mileage was in cable. Far more significant 
than indicated by the numbers, about 2 percent was in carrier. 75 

Many of the problems that restricted telephony by wire at the turn 
of the century had been solved 25 years later. Distance had been con- 
quered by the use of loading and amplification. Major steps had been 
taken toward the solution of the cost problem. Most significant in 
this connection, the use of carrier multiplex had started and ground- 
work had been laid for the vast expansion and cost-reduction potential 
of this technique. Also in this period a new form of transmission began 
which freed telephony from the constraint of wire connection. This 
wireless or radio transmission, which will be covered in Chapter 5, not 
only opened new fields for telephone communication but also opened 
new fields of technology. In doing so it borrowed heavily on the 
technology of wire transmission but it also contributed much in return. 
It led the way to the use of the higher frequencies and originated many 
of the techniques and devices used in the carrier transmission over 
wires. These two developments, carried on in parallel, provided an 


75 Twenty-five years later, carrier provided over 65 percent of the Bell System toll circuit 
mileage and by 1976, the year of the Telephone Centennial, voice-frequency circuits will 
have practically disappeared from toll use, amounting to only about 2 percent of the total. 
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interesting example of the way in which technology can be used to 
produce an integrated system employing two media differing quite 
basically in their characteristics. The pattern set at this time continued 
during the succeeding years as each technology evolved, and by the 
late 1960s resulted in a long-distance plant having roughly equal mileage 
served by the wire and wireless (radio) media. 

In brief, by 1925, solid groundwork had been laid for developing 
the greatly improved transmission and the enormous economies of scale 
which would take place in the following years. 


Chapter 5 


Telephone Transmission — 

The Advent Of Radio 


This chapter reviews the early development of telephone communication 
without wires and shows how, like wire telephony, it advanced to a high 
degree of technical maturity by the late twenties. Wireless transmission, 
beginning about ten years after Bell's telephone invention, evolved 
quite independently during its first two decades with major emphasis on the 
telegraph application. De Forest's invention of the audion brought together 
workers in the wire telephone and wireless fields; and thereafter, despite 
major differences in the media, wire and wireless transmission techniques 
were closely linked in their evolution. Engineers in the two fields were able 
to use many of the same devices, such as oscillators, amplifiers, modulators, 
and wave filters, and to exploit much of the same new technology, such as 
the carrier multiplex and single-sideband principles. As a result the wireless 
medium, soon referred to as radio, became usable for voice communication 
and came into service as a highly useful supplement to wire telephony. 


I. HISTORICAL BACKGROUND 

As with many great inventions, one cannot assign credit to a single 
individual for the invention of wireless communication. Much is owed to 
contributions by many workers over a long period of time, but of all 
of the early contributors the German physicist Heinrich Hertz is probably 
most deserving. Hertz, working between 1884 and 1888, not only 
demonstrated that high-frequency oscillations could produce electrical 
phenomena at a distance but also recognized that the effect was 
due to electromagnetic waves conforming to the laws of geometric 
optics and traveling at the speed of light. Hertz thus experimentally 
substantiated the predictions of James Clerk Maxwell, whose electro- 
magnetic-wave equations had been published 20 years earlier. 

Hertz also invented the method that was used for many years 
for generating and launching these waves, namely, the discharge of a 
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capacitor through a spark gap connected to short lengths of heavy 
wire. (Today, we would call it a dipole antenna.) This generator of 
waves was somewhat more advanced in concept than his detector (see 
Fig. 5-1), which consisted of a large, nearly closed loop of wire 
with the ends brought close together so as to form a very closely spaced 
spark gap which was observed visually. This means of detection was 
highly insensitive, requiring even for the smallest gap a potential of 
about 300 volts to produce a visible spark. His transmissions were thus 
limited to very short distances and it is remarkable that he could achieve 
so much with such primitive equipment. Perhaps for this reason 
Hertz did not pursue his discoveries to the point of applying them to 
communication, but it is more likely that, having investigated the 
intellectual problem to his satisfaction, he was anxious to move on to 
other fields. 1 

Probably the earliest recognition of the possible use of Hertzian waves 
for communication came from William Crookes who wrote 2 in 1892: 

Here is unfolded to us a new and astonishing world, one which is hard to 
conceive should contain no possibilities of transmitting and receiving 
intelligence. 

Rays of light will not pierce through a wall, nor as we know only too well, 
through a London fog. But the electrical vibrations of a yard or more in 
wavelength . . . will easily pierce such mediums, which to them will be 
transparent. Here, then, is revealed the bewildering possibility of telegraphy 
without wires, posts, cables or any of our present costly appliances. 

He then proceeded to enumerate some of the developments required to 


1 An 1889 letter of Hertz, replying to an inquiry concerning the practical value of his 
discoveries for telegraphy, is often quoted as evidence that Hertz missed the significance 
of his work. What he said, in essence, was that it would be possible but impractical 
to radiate waves at the extremely low frequencies of telegraphy. While this showed a 
profound understanding of wave propagation, it is an interesting example of how 
technical comprehension of the difficulties sometimes obscures a simple solution, in 
this case the use of high frequencies interrupted (modulated) to form telegraph signals. 

2 In the non-technical Fortnightly Review. 



Fig. 5-1. Wireless transmitter (left) and receiver (right) of Heinrich Hertz. 
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bring about practical communication, namely, reliable transmitters for var- 
ious wavelengths, sensitive tunable receivers, and directional antennas. 

Several experimenters, their interest aroused by the work of Hertz, 
soon produced a more sensitive detector than Hertz's spark gap by 
using a phenomenon observed many years before. As early as 1835, it 
had been noticed that the conductivity of a mixture of metal 
filings, normally poor, was increased when subjected to the discharge 
of a Leyden jar and remained so until physically disturbed. A number 
of people explored this effect but the most significant work was done by 
Professor E. Branly in Paris in 1890-91, using an insulating tube con- 
taining metal filings between two conducting plugs, an arrangement later 
to be known as a coherer. Branly showed that an electric spark, 
at a distance, could change the resistance of this device. 3 He seems not to 
have appreciated that the cohering of the filings was caused by Hertzian 
waves, but within a year or two a number of people, including G. M. 
Minchin and Oliver J. Lodge in England, recognized that Branly's device 
was responding to waves created by the spark discharge, and Lodge then 
proceeded to apply the coherer principle in several demonstrations 
made in 1894. (He also contributed the name.) 

In these demonstrations. Lodge used an oscillatory spark generator 
and several types of coherers. The lowered resistance was demonstrated 
by the deflection of a galvanometer in series with the coherer and 
a battery. In one demonstration he substituted an electric bell for 
the galvanometer and set it to ringing by an electric discharge. He also 
showed that the vibration of this bell, if mounted on the same base as 
the coherer, was sufficient to "de-cohere" the device and make it 
ready for the next signal. Thus Lodge approached very closely to the 
signaling arrangement illustrated in a general way by Fig. 5-2, which 
was used for a number of years in early wireless telegraphy. The use of 
Hertzian waves for telegraphy seems obvious but, to quote Lodge, he 
"did not realize that there would be any particular practical advantage 
in thus with difficulty telegraphing across space instead of with ease 
by the highly developed and simple telegraphic and telephonic 
methods rendered possible by the use of a connecting wire." 4 While 
Lodge missed some of the significance of his 1894 work, he does 
deserve credit for appreciating and demonstrating the importance of 
tuning the transmitter and receiver to the same frequency. Hertz had 
employed a similar principle but his circuits were highly damped and 

3 As noted in Section 2.1.3 of Chapter 3, Hertzian waves, or other electrical impulses, 
could also cause carbon granules to cohere and this electrical "packing" of the telephone 
transmitter was one of the problems faced by the designers of these instruments. 
Fortunately, carbon required a much higher voltage than metal filings before cohering 
occurred. 

4 This rather involved statement is from the third (1900) edition of Signalling Through 
Space Without Wires by Lodge. 
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Fig. 5-2. Generalized schematic of early wireless receiver. 

did not emphasize the significance to the extent of the work by Lodge and 
the latter was ultimately awarded basic tuning patents. 5 

After seeing an account of Lodge's lectures. Professor Alexander 
Popov, in Russia, conducted experiments with the coherer in 1895-96. 
His setup was almost identical to that shown in Fig. 5-2. He used the 
bell tapper in contact with the coherer tube to de-cohere the filings and 
also provided means for protecting the coherer from local sparks. He also 
departed from Lodge's example by using a large vertical antenna. 
Popov seems to have been aware that this equipment had a potential for 
signal transmission "as soon as a source of such oscillation possessing 
sufficient energy will be discovered" but his main interest presumably 
was in the study of atmospheric electric discharges. 

It will be noted that most of the early work on Hertzian waves 
had been done by scientists more interested in exploring basic 
principles than in commercial application. 6 What was needed was a 
technically-minded entrepreneur who could put these basic discoveries 
to work. The man to do this was Guglielmo Marconi of Bologna, Italy. 

5 Marconi also appreciated the significance of tuning and protested the Lodge patent. 
When this was upheld, Marconi quickly purchased the right to use. 

6 An interesting contrast between wire telephony and wireless can be mentioned at 
this point. By 1895, wire telephony had been developed very extensively on an empirical 
basis, with theoretical understanding of transmission still limited, as we have noted 
in Chapter 4. In wireless, at this time, the main interest was theoretical with little 
interest in its application. 
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Marconi had an absorbing interest in physics and chemistry but, in 
contrast with his predecessors in the wireless field, was not a highly 
trained scientist. To quote his later collaborator, Fleming, "Marconi was 
eminently utilitarian. His predominant interest was not in purely scien- 
tific knowledge per se, but in its practical application for useful purposes." 

In 1894, at the age of 20, Marconi had heard of the work of Hertz and 
Lodge, and after that time he was constantly concerned with wireless 
experimentation and the practical development of the medium. His early 
work was very similar to that of Popov but done independently. 7 He 
improved the coherer, developed the method of application illustrated 
in Fig. 5-2, and adopted an elevated antenna instead of Hertz's 
dipole. By 1896 he was transmitting Morse code messages nearly 2 miles. 
Moving to England, he demonstrated that messages could be trans- 
mitted as much as 8 miles, and by 1897 had formed the British 
Marconi Company, the first in the wireless field. Immediately after- 
ward he began experimenting with long-distance transmission, but 

progress was slow and it was not until December 12, 1901, that he was 
able, by using a kite-supported antenna, to hear faintly the Morse letter 
"S" transmitted over the 1,700 miles from Cornwall to Newfoundland. 

Promising as this was, and despite the opening of commercial 
service in 1907, Marconi realized that the existence of undersea telegraph 
cables, together with the requirements for high power and costly 
antennas for bridging the ocean, would severely limit the commercial 
application of transatlantic wireless telegraphy. Accordingly, he entered 
the field of ship communication, an area where there was no practical 
alternative to wireless. Interest in this field was grealy stimulated in 
1909 when wireless messages from S.S Republic were responsible for 
prompt rescue action when that ship was hit and sunk at sea, and as 
early as 1910 laws were passed in the United States requiring wireless 
equipment and a skilled operator on vessels carrying 50 or more persons 
between ports 200 miles or more apart. 8 

During the early 1900s, though there were many competitors, 
Marconi's company occupied a prominent position in marine telegraphy, 
with the right to use important basic patents on vertical antennas, 
methods of selective tuning, the coherer, the magnetic detector, and the 
Fleming valve. While most of the competitors proved less astute 
businessmen than Marconi, two basic contributions were to come from 

7 The relative merits of the Marconi and Popov claims to the invention of radio- 
telegraphy have been argued at length. It seems likely that Marconi has priority both on 
publication and demonstration. Perhaps of more importance is die fact that Marconi 
foresaw the potentialities of Hertzian waves as soon as he heard about them and never 
ceased in his efforts to utilize them for telegraphy. 

8 The Titanic disaster of 1912 reemphasized the importance of wireless at sea and 
pointed out the need for 24-hour coverage and for emergency power. The United 
States Radio Act was subsequently amended to include these important provisions. 
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these sources that profoundly affected the course of radio develop- 
ment. One was the use of continuous waves instead of the intermittent 
and non-coherent oscillations of the spark discharge; the other was the de 
Forest audion. Fessenden was probably the most active advocate of the 
continuous-wave technique in the United States, but it was the 
audion as a “CW" generator that ultimately established the continuous 
coherent type of oscillation as the base for efficient radio communication. 

Early in Chapter 4 (Sections 2.1 and 2.2) some of the fundamentals 
of voice-current propagation over wires were discussed as a basis for the 
more detailed treatment of transmission development which followed. 
Similarly, having now sketched the first primitive steps in establishing a 
new transmission medium not requiring wires, we shall examine more 
closely those technical characteristics of the radio medium which were 
to determine the special roles it would play in domestic as well as 
overseas communication. 

II. TECHNICAL BACKGROUND 

An important requisite to progress in radio was the development of 
good methods for generating and detecting electromagnetic waves. 
Once this was done, its field of application was greatly influenced by 
the manner in which these waves were propagated and the history of 
radio is largely the story of how technology has been developed to 
take optimum advantage of the characteristics of the radio medium. 

2.1 Generation and Detection of Radio Waves 

The equipment most commonly used for wireless telegraphy in the 
years before the vacuum tube was basically very simple (Fig. 5-3). 
The transmitter was fundamentally similar to that used by Hertz, 
consisting of a high-voltage source 9 which charged a capacitor. When 
the voltage reached the breakdown point of the spark gap across the 
capacitor, the latter discharged through the gap and set up a fast- 

decaying or "damped” oscillatory current in the antenna circuit. The 
electric wave thus generated was highly irregular in magnitude, the 
high degree of damping or "decrement” leading to a frequency spectrum 
rather broadly dispersed on each side of the nominal frequency deter- 
mined by the inductance and capacitance of the oscillatory circuit 
(including the antenna). In practice it was the type and size of the 

9 The Ruhmkorff induction (or “spark") coil, using an interrupted direct current 
as primary power, was used for many years, but alternating-current sources feeding 
step-up transformers were more common for high-power commercial installations. 
Also, while the simple open spark gap of Hertz was often used, various other forms, 
including rotary gaps, quenched gaps, etc., were used before the more sophisticated 
continuous-wave system came into use. 
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Fig. 5-3. Wireless transmitter (left) and receiver with diode detector (right) of the 
early twentieth century. 

antenna and the adjustment of the inductance in the antenna circuit 
which established this nominal or mean frequency. 

Hertz in his experiments deliberately made the frequency of 
oscillation high (as much as 80 to 100 MHz) so that he would have 
waves short enough to follow the laws of optics, a major objective of 
his research. He did this by using small antennas, essentially simple 
dipoles. Commercial wireless installations, on the other hand, grounded 
one side of the gap and connected the other through a tuning 
inductance to a long and high antenna system. This gave them very low 
nominal frequencies, hence waves of greater length, which they found 
advantageous for long-distance communication because of the tendency 
of longer waves to bend around the earth. 

Commercial receivers employed a similar antenna system together 
with coupled air-core tuning coils of variable inductance which 
allowed the user to select the frequency to be received. The detector 
in the early days was a coherer but it was far from satisfactory. 
Not only was it unstable and insensitive but its response to bursts of 
static was not readily distinguished from bona fide signals. 10 

About 1904, Professor J. A. Fleming of University College, London, 
working as a consultant for Marconi, devised the two-element vacuum 
tube which came to be called the Fleming valve. This device, consisting 
of a hot cathode and a nearby cold anode in an evacuated glass bulb, 

10 The magnetic detector was another interesting device for producing audible 
signals. This device, which had some similarity to a tape recorder, had a long history 
of indifferent success, but Marconi reduced it to practice and used it extensively for 
about ten years. It consisted of a continuous belt of soft-iron wires traveling past 
permanent magnets and along the axis of two solenoidal coils. The magnets placed 
a magnetic bias on the belt which was disturbed by radio signals passing through 
one of the coils. This belt, with the magnetic domain reordered by the radio signals, 
generated an emf in the second coil which produced audible signals in a telephone 
receiver connected to it. 
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conducted in only one direction and thereby acted as a rectifier of the 
received oscillations so that the envelope of the wave could be heard in a 
head receiver. 11 Shortly thereafter the rectifying properties of certain 
crystals, such as carborundum, galena (lead sulphide), and silicon, were 
put to use as detectors that were so simple and efficient that the Fleming 
valve received little practical use. Listening to the rectified signal in a 
head receiver proved to be an important step forward since a skilled 
operator could readily discriminate between the wanted signal and static 
or other interfering sounds. 

De Forest devised the three-element audion (Chapter 4, Section 4.2.2) 
in an attempt to produce a detector with the stability of the Fleming 
valve but with sensitivity comparable to or better than the somewhat 
unstable crystals. In this he was so successful that for a number of years 
he concentrated on this application of the audion so that it remained 
for others to discover many of its even more important applications. 

The great simplicity of the spark system attracted many amateur 
experimenters. Almost anyone with a little manual skill and a few 
dollars could build a wireless transmitter and receiver. All that was re- 
quired was a spark coil (a common part of the Ford automobile ignition 
system), a telephone receiver, a piece of galena, and a miscellaneous 
collection of tinfoil, wax paper, glass plates, copper wire, and cereal 
boxes for the construction of capacitors and tuning coils. As a conse- 
quence, a large group of amateurs provided a readymade audience after 
World War I when radio broadcasting made its first faltering transmissions. 

The simplicity and ease of obtaining fairly powerful oscillations made 
the spark system very attractive but it had some basic disadvantages. 
The waves set up by the spark discharge were a series of highly damped 
irregular oscillations, each of which began with a high amplitude and 
rapidly decayed as the capacitor discharged. (See Fig. 5-4a.) 12 

Such waves had two basic faults. One, they used the oscillatory energy 
very inefficiently since the average power, which determined com- 
munication range, was very much less than the peak power, which was 
limited by the antenna and associated apparatus. Second, the energy was 
not concentrated in a single frequency but was spread out on either side 
of the nominal frequency determined by the transmitter constants. As 
a result, sharp tuning was not possible and there was much interference 
between stations unless they were widely spaced in frequency. More 
importantly, it was not possible to modulate these waves effectively 


11 Wehnelt, in Germany, had produced a thermionic rectifier in 1903 but his interest at 
the time was in converting ac power into dc power and it was not until several years 
later that he pointed out that the principle could also be used for the high frequencies 
of radio. 

12 It was the rectified envelope of this irregular wave train that was heard in the 
headphone of the receiver using diode detection. 
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(a) (b) 

Fig. 5-4. (a) Damped- wave oscillations, (b) Continuous- wave oscillations. 


with speech since demodulation would reproduce not only the speech 
but all the irregular sounds in the original damped oscillation. 

A number of people 13 realized that both of these disadvantages 
could be overcome by the use of continuous waves, i.e., waves 
generated by pure tones (Fig. 5-4b). Such waves used the energy 
efficiently (concentrated it at one frequency and with a high ratio of 
average to peak power) and could also be modulated and de- 
modulated for the transmission of speech as outlined in Chapter 4 
(Section 4.2.5). They had a minor disadvantage for telegraphy 
since the output of diode detectors was above audible frequency, 
but this could be corrected by chopping (interrupting) the signals or 
by other means. A major problem was the generation of these 
continuous waves at frequencies high enough for radio application and 
with enough power to be useful. Prior to the vacuum tube there 
were two main means: one, promoted by Tesla, Fessenden, and 
Alexanderson, was the rotary alternator, and the other, invented by 
Poulsen, was the electric arc. Either of these devices could produce waves 
suitable for telegraphy but the problem of modulating them efficiently 
kept them from successful commercial application for radio telephony. 
The three-element vacuum tube ultimately provided the solution for both 
generating and modulating continuous waves and completely changed 
the wireless art as developed by Marconi. But more of this later. 

2.2 Propagation of Radio Waves 

Hertz had demonstrated that radio waves followed the laws of 
geometric optics. For the very high frequencies he used, they followed 
straight lines, could be reflected from surfaces, and with suitable 
reflectors could be concentrated in beams much as searchlights con- 
centrate light. Ultimately (after World War II) the major development 
of two-way radio communication was to occur at and above the 
very high-frequency range in which Hertz experimented. But for many 

13 In the United States, John Stone Stone (of the Boston laboratory) and Reginald 
Fessenden were early proponents of continuous waves. 
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years commercial communication was practical only at lower frequencies. 
We can now see rather clearly why this occurred, but at the time 
the choice of frequency involved much experimental effort devoted to 
determining propagation characteristics. Rather than guide the reader 
through the devious path followed by the radio practitioner, we shall 
briefly review some of the salient points in the light of current knowledge. 

It is convenient to consider radio propagation in three categories, 
determined by frequency, 14 having distinctly different characteristics. 
The dividing line between these categories is not sharp. Instead, 
between them are broad transitional regions showing some of the 

characteristics of the area on either side. 

Above about 1,000 MHz the waves behave much like light through 
a clear, reasonably uniform atmosphere. When originated from a point 
source, they propagate in all directions and, since the area of the wave- 
front spreads out spherically, the energy in a given area decreases roughly 
as the square of the distance from the source. Variations around this 

14 The literature describing the radio spectrum is about equally divided between the 
use of wavelengths and frequencies. We shall endeavor to use the frequency description 
as much as possible since it will be more consistent with our telephone material. For 
those who are interested, the relation between wavelength and frequency is shown in 
Fig. 5-5, which also lists a series of nominal descriptions for the spectral regions 
now rather widely used. In the 1920s and earlier the designations used did not conform 
to this classification. 


Wavelength vs Frequency 


A. (wavelength in meters) = 


300,000,000 
f (frequency in hertz) 


Frequency Classification 

Nominal Classification 

Frequency 

Wavelength 

VLF— Very Low Frequency 

3-30 kHz 

100,000—10,000 meters 

LF— Low Frequency 

30-300 kHz 

1 0,000—1 ,000 meters 

MF— Medium Frequency 

300-3,000 kHz 

1 ,000—100 meters 

HF— High Frequency 

3-30 MHz 

100—10 meters 

VHF— Very High Frequency 

30-300 MHz 

10—1 meter 

UHF— Ultrahigh Frequency 

300-3,000 MHz 

1—0.1 meter 

SHF— Superhigh Frequency 

3-30 GHz 

10—1 centimeter 

EHF— Extremely High Frequency 

30-300 GHz 

10—1 millimeter 


Fig. 5-5. Frequency classification. 
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inverse-square rule can result from interaction between the wave in 
free space and the "echo" reflected from the earth, but unlike guided 
waves there is essentially no energy absorbed in the medium and there 
is little or no attenuation in the same sense as the power loss of a 
transmission line. 15 The dispersion, or spreading out of radio waves, has 
been an important factor in radio application from the beginning. It 
means, of necessity, that the amount of energy available for the 
receiver decreases rapidly as the distance from the transmitter increases 
(at least a 6-dB decrease each time the distance is doubled) and ex- 
plains why rather sizeable amounts of power are required to cover even 
moderate distances. 16 The major problem in using these frequencies is 
that, because they propagate like light, their transmission tends to be 
limited by the horizon. Thus, until it became possible many years later 
to transmit hundreds of telephone channels on a beam, there was 
little interest in radio transmission over 20- to 30-mile, horizon-limited 
distances since, for this range, wire transmission was simple, inex- 
pensive, and avoided the interference problem of radio. 

At the other end of the spectrum, below about 500 kHz, radio waves 
tend to follow the curvature of the earth, being guided between the 
earth and the ionized layer of the upper atmosphere (ionosphere). 
Early experimenters soon discovered this advantage of the lower 
frequencies and exploited it for overseas and ship-to-shore transmission. 
In this low-frequency range there is some dissipation of energy, or 
attenuation, in both the earth and the ionosphere. But in the very low 
part of this band (below 50 to 100 kHz) the added loss is small and not 
important compared to the elimination of the distance barrier. 17 

The use of low frequencies was not an unmixed blessing. Since 
the waves tended to spread out in all directions, a transmitter 
capable of covering the transatlantic distance of 3,000 miles inter- 
fered with reception on that frequency at all receivers within a 3,000- 
mile radius (i.e., within an area of 30 million square miles). Thus each 
transmitter tended to preempt both physical space and frequency 
space. 18 Obviously, the number of stations that can operate 24 hours a 
day throughout the world is very limited at the low frequencies favorable 

15 Exceptions occur above 10,000 MHz but these were not to prove important for 
another 50 years. 

: : Concentrating the radiation in a beam reduces th e power required to reach a given 
distance but does not modify the inverse-square law since the beam constantly spreads 
out as distance is increased. 

17 The empirical propagation formula proposed in 1911 by L. W. Austin and L. Cohen 
of the National Bureau of Standards provided a basis for estimating propagation 
loss and showed clearly the advantage of the lower frequencies. 

18 The amount of frequency space required for communication depends on the 
state of the art and the kind of signal transmitted. For telephony it cannot be less than 3 kHz 
and with allowance for practical matters a figure of 5 kHz is about the minimum for 
very low-frequency transmission and becomes more like 25 to 50 kHz at high frequencies, 
when frequency-modulated. 


360 


Engineering and Science in the Bell System 


for overseas transmission. The concentration of the energy in beams 
reduces the area of interference and a modest amount of directivity 
has been achieved at low frequencies, but high directivity requires 
antenna structures many times the transmitted wavelength. Such 
antennas are almost prohibitively large at frequencies around 50 to 100 
kHz which correspond to waves several miles long. This frequency- 
space limitation has been a basic problem in radio from the beginning 
and explains the emphasis, over the years, that has been placed on 
developing the economic use of higher and higher frequencies. Such 
frequencies provide the frequency space for more stations and also tend 
to favor the use of directivity and thus reduce area interference. 

In the 1920s, about the time when the limitations on the use of the 
lower frequencies were beginning to be felt, it was discovered that the 
high-frequency region between about 3 and 30 MHz was also usable 
for long-distance communication. These frequencies were too high for 
effective transmission along the earth's surface to distances much beyond 

line of sight but they had the peculiar property of penetrating 
the lower boundary of the ionosphere and being reflected (sometimes 
several times) within upper layers of the ionosphere, ultimately 
being returned to earth. Thus, these frequencies were usable as 
"surface waves" close to the transmitter and again as so-called "sky 
waves" at long distances, with an unusable skip-distance between. This 
discovery opened an enormous frequency space for long-distance trans- 
mission (some 25 million hertz as compared to the 100 or so thousand 
hertz previously available). Again, this was not an unmixed blessing. 
Propagation varied greatly with the season of the year and time of day, 
and over the seven-year cycle of sun-spot activity. For a given route of a 
few thousand miles, a specific frequency provides good transmission 
for only part of a day, and other frequencies must be used for the re- 
mainder of the time. Thus, each 24-hour communication circuit may 
require the assignment of three or four frequencies. Even so, the gain in 
available communication circuits resulting from opening up the high- 
frequency band was enormous compared to the band below 100 or 
200 kHz. 

Propagation in the three frequency bands just discussed can be 
described in rather simple terms as surface waves, sky waves, and 
"optical" or line-of-sight waves. In the transition bands between, the 
propagation characteristics are more complex. The region between 500 

kHz and 3 MHz is one of these transition bands. At these frequencies 
the waves are not greatly limited by the horizon and they propagate 
along the earth's surface during the daytime to distances several 
times the line-of-sight distance. At night, much greater distances 
are achieved by reflection from the ionosphere, the maximum ratio of 
night-to-day transmission occurring in the 1- to 2-MHz band. The lower 
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part of this band was initially used extensively for ship-to-shore com- 
munication but later was assigned to AM radio broadcasting. 

The frequencies between 30 and 1,000 MHz constitute the other 
transition region. In this band, ionospheric transmission does not apply, 
the surface wave is weak, and the wave reflected from the earth tends to 
cancel the direct wave. The horizon effect is noticeable but not 
serious at 30 MHz but it may be controlling at 1,000 MHz. This 
frequency range is used primarily for mobile radio communication and 
television broadcasting. As the frequency increases above 1,000 MHz 
(microwave range), the horizon effect becomes more and more 
controlling and the shorter wavelengths make it easier to provide both a 
sufficient antenna height (as measured in wavelengths) and a significant 
amount of antenna directivity for point-to-point free-space transmission 
with optical-like waves. 

As we have already implied, radio waves do not always follow a 
single path. With the exception of the very longest waves, there are 
almost always multiple paths of transmission, some of which involve 
reflections from the ground or from irregularities in either the atmos- 
phere or- the ionosphere. Since these paths are of different lengths, 
the waves can arrive in opposition to those following the direct path 
or in phase with the direct wave, giving rise either to cancellation or 
reinforcement. Since the various paths are constantly changing, the 
strength of the composite arriving signal is subject to constant varia- 
tion. This so-called "fading" is characteristic of all long-distance 
transmission at frequencies of several MHz or more in the daytime 
and of even lower frequencies at night. At microwave frequencies, 
rapid fading of large magnitude may be experienced over short, line- 
of-sight distances as the result of interference between the direct wave 
and reflections from both the ground and atmospheric irregularities. 

Before we complete this brief technical review, we should men- 
tion the problem of noise interference. Every source of electric 
discharge is a potential source of radio noise. Probably the most 
important, since not under man's control, are the electrical disturbances 
from lightning discharges which reverberate around the world between 
earth and ionosphere. The noise, called static, increases in magnitude 
at the lower frequencies and proved to be an important limitation 
in the development of early radio communication. Static from distant 
sources is unimportant at frequencies above the sky-wave band at which 
point man-made sources and local thunderstorms become controlling. 19 

19 In 1927 J. B. Johnson of Bell Laboratories showed that the agitation of the electrons 
in any conductor was a source of noise which was proportional to the temperature 
of the conductor. This type of noise became controlling at the very high frequencies. 
Later, Karl Jansky discovered that a similar type of noise came from distant stars and 
nebulae and this discovery originated radio astronomy. Still later, in the satellite era, 
the noise from our own sun became a factor of importance in limiting the pointing 
of the very narrow beam receiving antennas used with this type of transmission. 
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III. THE BEGINNINGS OF RADIO IN THE BELL SYSTEM 
3.1 Early Attempts at Telephony 

Even before the work of Hertz, Bell had transmitted speech over a beam 
of light and was granted a patent in 1880 for a device which he called the 
"photophone." An improvement was worked out in the Boston labora- 
tory of the American Bell Telephone Company in 1897 on which a funda- 
mental patent was issued, 20 but the work was not pursued beyond the 
experimental stage. It is interesting to note that E. J. P. Mercadier re- 
christened the device "radiophone," the first use of the word "radio" in 
the sense we use it today. Optical systems, with their weather depend- 
ence, could not compete with the much lower-frequency Hertzian waves 
which were essentially independent of weather. In 1892, following 
Crookes' comments on the potentialities of Hertzian waves, Hammond 
V. Hayes, head of the Boston laboratory, suggested to John Stone 
Stone that Hertzian radiations might be used to signal vessels at sea. 
Stone investigated the possibility but was unsuccessful; the required 
instrumentalities did not exist at this early date (as Crookes had noted). 
In 1902, Hayes, still interested in wireless, engaged G. W. Pickard to 
investigate the possibility of radiotelephony. During the following six 
months, while working in the Boston laboratory of what was now 
AT&TCo, Pickard succeeded in achieving a degree of voice communica- 
tion by using a transmitter diaphragm to mechanically vary the size of a 
spark gap. This work was not continued, in part because it became clear 
that the road to success was long and uncertain and in part because of an 
apparently fundamental patent granted to Reginald Fessenden about 
this time. 

As we have noted, a basic requirement for telephony was a source of 
continuous waves . This seems to have been recognized by Stone a s early 
as 1892. In reporting on his work in July of that year he stated, "The 
high frequency transmission has reached a state where a high frequency 
alternator is essential for satisfactory work." Both the alternator and the 
oscillating arc provide sources of continuous waves and were used in 
the 1906-1912 period for experimental radiotelephone transmission 
by a number of people outside the Bell System, including Poulsen, 
Fessenden, de Forest, and Vanni. 21 In early 1907, Hammond Hayes, on 
the basis of a report by E. H. Colpitts, stated to President Fish of the 
Bell System: 

I feel that there is such a reasonable probability of wireless telegraphy 

and telephony being of commercial value to our company that I would 

20 Lloyd Espenschied, in an unpublished memorandum, has pointed out that the 
first claim of this patent covers, for the first time, the modulation of radiant energy 
by a voice current and, in a sense, is the basis for all amplitude-modulated radio and 
carrier telephone systems. 

21 In 1912, Vanni succeeded in telephoning a distance of about 600 miles. 
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advise taking steps to associate ourselves with Mr. Fessenden if some 
satisfactory arrangement can be made. 

The Bell System was close to completing negotiations with Fessenden 
when the financial panic of 1907 hit the country. As a result, there was a 
change in Bell System management, headquarters were shifted to New 
York, and all expenditures were examined very critically. After a reap- 
praisal of the Fessenden patents, it was decided not to buy. Thomas Lock- 
wood, the Bell patent counsel, summarized his conclusions as follows: 

If an individual or a corporation is desirous of becoming interested in 
wireless telephony for the sake of keeping in touch with progress in 
electrical transmission work, based on recent scientific research, this would 
seem to be an excellent opportunity; but for a telephone company, the 
possibility of substituting a wireless system for a system of toll lines is 
the most attractive feature of the proposition, and I have a strong convic- 
tion that this feature cannot and will not reach any practical realization 
within the term of years yet remaining to Fessenden's fundamental patents. 

The fact was that prior to the audion invention in 1907 the devices 
needed to make radiotelephony commercially successful were not clearly 
in view. In addition to a simple, stable source of high-frequency 
power (which conceivably could have been supplied by alternators 
or arcs), three additional elements were needed: first, means for 
controlling these currents in accordance with the weak speech currents; 
second, means to receive and amplify the waves greatly weakened 
in transit; and, third, a means for deriving the original speech signal 
from the received wave which was better than the crystal detector 
then in use. These elements were those also required for carrier 
telephony on wires and the problems were to be solved in the Bell 
System more or less simultaneously. The key elements, in each case, 
proved to be the vacuum tube and the wave filter. 

To appreciate the significance of the vacuum tube in radio- 
telephony, we should note that long-distance radio requires enor- 
mous power as compared to wire transmission, hundreds of kilo- 
watts as compared to a few milliwatts. A major problem in radio- 
telephony was, therefore, that of efficiently modulating these enormous 
powers with the minute telephone currents available. No very satis- 
factory way to do this had been devised for arc or alternator sources of 
continuous waves. But with the vacuum tube it proved possible to gen- 
erate the carrier and modulate it at lower power levels, not greatly 
different from those used for wire communication. The modulated waves 
could then be amplified to whatever power level was required to 
achieve the distance objective. 22 


22 A simpler but less satisfactory approach, used in the early days of radiotelephony, 
was to modulate the signal at high level in the output amplifier using a voice signal 
amplified by electron tubes to a power level comparable with the radio signal. 
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3.2 Learning to Use the Vacuum Tube 

As recounted in Chapter 4, de Forest invented the vacuum tube in 1907 
but for the next five years he was concerned mostly with its use as a 
highly sensitive radio detector. It was brought to the attention of the Bell 
System in 1912 by John Stone Stone as a potential voice-frequency 
amplifier. In its original form it was not suitable for this purpose, but 
Arnold recognized and corrected the problem by evacuating the tube to 
a high vacuum. The tube was further improved by Western Electric 
engineers in 1913 by applying Wehnelt's oxide-coated cathode. This 
cathode emitted an adequate stream of electrons at relatively low 
temperatures and provided the means for achieving long life. This 
form of vacuum tube, stable and long-lived, was the basis not only 
for the voice-frequency repeater but also for the practical development 
of carrier and. radiotelephony. 

In the Bell System, understanding of the physics of the tube, its 
characteristics, and its equivalent circuit developed in parallel with the 

improvement of the tube itself, enabling it to be applied in various 
roles. On November 4, 1912, E. H. Colpitts conceived the push-pull 
amplifier. The Lowenstein amplifier circuit, which employed negative 
grid bias, was disclosed to the Bell System in January 1913 and the 
patent later acquired. Following work by Arnold on the “feedback” 
audion, Colpitts, in February 1914, devised a circuit for producing and 
modulating high-frequency oscillations. On February 10, 1915, R. V. L. 
Hartley disclosed vacuum tube oscillator circuits in which the plate was 

connected to one end of the tuning coil, the grid to the other end, and 
the filament to some intermediate point. This became known as the 
“Hartley oscillator.” A month later Colpitts showed the capacitative 
equivalent, later called the “Colpitts oscillator." 

In the same period there was also activity outside the Bell System 
in developing vacuum tube applications. Armstrong and de Forest in 
the United States, Meissner in Germany (using the von Lieben 
tube), and Franklin and Round of the British Marconi Company all 
developed oscillators, but de Forest, after prolonged litigation with 
Arnold, won patent priority on the basis of his 1912 experiments. 
Alexanderson of General Electric worked on modulators and produced a 
circuit at about the same time as Colpitts. 

3.2.1 Short-Haul Experiments 

In 1914 the Bell management decided that it was time to bring the 
vacuum tube out of the laboratory and attempt a series of radio- 
telephone field tests in the low-frequency part of the spectrum 
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(mostly between 50 and 100 kHz). 23 In May a development program 
was begun to learn how to generate and control continuous-wave 
powers as high as 100 kW at low frequencies. Poulsen arcs and 
radio-frequency alternators were investigated, but in late 1914 it was 
decided that the state of the art was sufficiently advanced to warrant 
the construction of an experimental transmitter using vacuum tubes and 
the design of suitable equipment was undertaken. It was thought that 
the available power would be sufficient for at least a 300-mile trans- 
mission over water and, accordingly, a transmitting station was set up at 
Montauk, Long Island, and a receiving station on the roof of the du 
Pont Building at Wilmington, Delaware, 250 miles away. Successful 

one-way transmission was achieved on April 4, 1915, and then on May 18 
speech was transmitted to St. Simon's Island, Georgia, a distance of 
about 900 miles. 

Difficult problems had been faced in achieving these successful 
tests but many more had to be solved before commercial telephony 
became practical. Vacuum tubes had to be designed that would handle 
the large amounts of power required. Studies had to be made of the 
modulating, detecting, and amplifying properties of the tubes. Circuits 
had to be devised for carrying out the basic functions. In particular, 
oscillators were required for a wide range of frequencies, amplifiers 
were needed not only for the very high power signals radiated but 
also for the extremely weak received signals, and suitable modulation 
systems had to be devised. Finally, circuits had to be designed for 
interconnecting radiotelephone and wire telephone systems so that the 
speech signals from commercial telephone lines could be used to 
modulate the radio transmitter and the speech signals received by radio 
could be furnished to wire connections with characteristics suitable 
for wire transmission. 24 


3.2.2 Early Overseas Tests 

Immediately following the successful Montauk-Wilmington tests, 
AT&TCo authorized an attempt to demonstrate radiotelephony across 
the Atlantic Ocean. In order to save time and minimize the cost of 


23 The work described in this and the following sections was carried out by a team 
of skillful and highly trained engineers and scientists organized to investigate and 
solve the many complex technical problems involved. While this was not the first use 
of this approach (the transcontinental wire transmission problem was handled in 
the same way), it certainly represented one of the most complex technical problems, 
up to this time, handled by coordinated team effort. It demonstrated the effectiveness 
of a technique which was to become the pattern for modern industrial research and 
development. 

24 The interconnection requirement ruled out the use of special types of microphones 
and head receivers. 
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the experiment, the U. S. Navy was asked for permission to use the 
antenna of its Arlington, Virginia, radio station. The Bell System would, 
of course, provide the radio transmitter, since such facilities were no- 
where in existence, but use of the Arlington antenna, then one of the 
largest in the country, would avoid unnecessary expense and greatly 
reduce the lead time required. Permission was granted and every 
facility given to aid the experiment. A special type of vacuum tube 
was developed for the transmitter, many times larger than those used 
in wire telephony, with an output of 25 to 50 watts (Fig. 5-6). A trans- 
mitter was built, the final stage of which contained some 300 to 550 
of these tubes connected in parallel (Type "W" in Fig. 5-6). When in- 
stalled at Arlington, this transmitter gave an average power of about 
2 or 3 kilowatts at the antenna at a frequency of around 50 kHz. 

In this transmitter, a modulation technique known as the van der 
Bijl System was employed. 25 This system, classified as modulation by 
amplification control, was based on using the audion with suitable bias 
voltages so that the curve relating output current to grid voltage was 
parabolic. In effect, the audio- and radio-frequency signals were con- 
nected in series with the grid circuit of the modulating tube. The out- 
put contained the modulation products (see Chapter 4, Section 4.2.5) 
amplified to a level well above the input. The modulated signal was 
picked off the modulator tube by means of a tuned circuit and then 
fed to two stages of linear amplification. From 2 to 12 audions were 
connected in parallel for the first stage, depending on the frequency 
and number of power tubes being used. The second stage was the 
final amplifier mentioned above. The receivers used in these tests also 
depended heavily on new vacuum tube techniques. They employed a 
stage of radio-frequency amplification and two audio-frequency stages. 

When the transmitter had been installed and tested, observers were 
sent to remote points to listen for the signals. R. H. Wilson went to 
Panama; H. D. Arnold and R. V. L. Hartley to Mare Island, 
California; Lloyd Espenschied to Hawaii; and Herbert E. Shreeve and 
A. M. Curtis to Paris. The Navy provided useful facilities at naval 
installations at all points except Paris, where the French Government 
permitted the use of its Eiffel Tower station for a short time each day. 26 
The observers were supplied with their own radio receiving equipment. 

On August 27, 1915, music from a phonograph and live speech 


25 H. J. van der Bijl; U. S. Patent No. 1,350,752; filed August 21, 1915; issued August 24, 1920. 

26 Even this small use of the Eiffel Tower station represented a remarkable degree of 
cooperation on the part of the French authorities. The war was still in a highly critical 
phase. Less than a year before, in September 1914, the Germans had been near the 
outskirts of Paris and were stopped only by rushing reinforcements in a fleet of Paris 
taxicabs. While this crisis had been averted, the German forces were still uncomfortably 
close at the time of the Paris tests and warfare at sea was being intensified as evidenced 
by the sinking of the Lusitania in May 1915. 
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Fig. 5-6. Power tubes, designed by H. D. Arnold. The Type "W" was used in the 
first transatlantic radiotelephone transmission. 


were successfully received at Darien, Panama. On September 29 
speech was transmitted from New York to Arlington by wire and 
thence by radio to Mare Island and on the following day speech from 
Arlington was received at Pearl Harbor, Hawaii. The time available 
for reception at Paris was severely limited since the Eiffel Tower station 
was almost constantly in use by the French military. Scraps of speech 
were heard in the October 12-21 period, but it was not until the 
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last day that connected, verifiable speech was heard. On October 23 a 
formal demonstration was arranged, and a number of observers at 
Paris listened to telephone transmissions from Arlington, 3,600 miles 
away (Figs. 5-7 and 5-8). Many of the transmissions to Paris were 

also heard by Espenschied at Pearl Harbor. 

Following this demonstration, a Poulsen arc was set up at Montauk, 
Long Island, and on October 27, 1916, a one-way transmission 
took place between Montauk and New York. This was expanded into a 
two-way demonstration for officials of the Western Electric Company 
on December 17, the transmission from Montauk being by radio and from 
New York by wire. At about this time, the Bell System engineers 
became so heavily engaged in war developments that work on a 
transatlantic circuit was temporarily suspended. 

IV. TWO-WAY RADIOTELEPHONE APPLICATIONS 

The work just described was purely experimental. It was aimed at 
demonstrating feasibility of long-distance radiotelephone transmission 
and at evaluating some of the techniques required. It clearly showed a 
possibility for this type of telephone communication and also demon- 
strated the capabilities of the vacuum tube, but the work did not progress 
to the point of developing a working system for two-way communication. 
The first effort in this direction occurred in connection with Bell System 
work for the military. 

4.1 Military Applications 

The war came to Europe before the vacuum tube art had been applied 
to telephony and as a consequence the vacuum tube received only limited 
use by the European nations and only for radiotelegraphy. In the United 
States it was possible to continue the peacetime development for several 
years after the war began and as a consequence this country's 
technicians were in a much better position to apply radiotelephony 
to the war effort. 

4.1.1 Ship-to-Ship and Ship-to-Shore Telephony 

In 1916, about a year before the United States entered World 
War I, the U. S. Navy became interested in the possibility of quick 
voice communication between ships at sea and between ships and head- 
quarters on land. Part of the latter concept involved the use of the wire 
telephone network to provide connections to appropriate land-based 
radio transmitting and receiving stations. In view of the successful 
overseas tests in which the Navy had cooperated, it was natural for 
them to request assistance from the Bell System in this project. 



Fig. 5-7. Arlington long-wave transmitter of 1915. At right are some of the 550 tubes used in the final stage. 


n 



Fig. 5-8. Paris transatlantic 
loud-speaking receiver of 1915. 
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In April 1916 the Bell System began the installation of a special wire- 
less telephone set on U.S.S. New Hampshire and on May 7 this equip- 
ment, together with the transmitting installation at Arlington and a re- 
ceiving installation at Norfolk, Virginia, was utilized for a demonstra- 
tion of long-distance radiotelephony for the Navy Department. Captain 
Chandler of the New Hamsphire talked to Secretary of the Navy and 
Mrs. Josephus Daniels and Mrs. Chandler in Washington, as well as with 
naval officers at Mare Island, California. This was the first time that 
two-way telephony through the wire telephone network had been 
extended to a vessel at sea. 

Even earlier, the need for ship-to-ship communication was foreseen 
and the Naval Bureau of Steam Engineering requested assistance in its 
development. The construction of two sets was begun in December 
1915 and they were completed in January and installed on the battle- 
ships Arkansas and Florida in February 1916. Conversations were 
carried out between ships up to 30 miles apart and signals were 
overheard as much as 175 miles away. This system also was similar to 
that at Arlington but much smaller in size and power output. It used 
roughly the same frequencies employed for radiotelegraph (600 to 1,200 
meters or 500 to 250 kHz) and the two systems could not be used 
simultaneously without undesirable interference. 

In order to avoid interference between telegraph and telephone and 
also to provide frequency space for a number of telephone channels, 
it was decided to exploit shorter wavelengths. In July of 1916, tests 
were carried on between U.S.S. Arkansas and U.S.S. Florida on 150 to 
238 meters (2,000 to 1,200 kHz) to investigate the operation of multi- 
plex radiotelephone equipment at the same time that the ship's radio- 
telegraph equipment was in use. Satisfactory performance was obtained 
at a distance of about 30 miles. These tests resulted in the design and 
installation of complete multiplex telephone and telegraph equipment on 
U.S.S. Pennsylvania, U.S.S. Seattle, and U.S.S Wyoming in January 1917. 
This equipment, designed by R. A. Heising, had subcarriers at 
about 25,000, 35,000, and 45,000 hertz which were modulated by voice 
and then used simultaneously to modulate the transmitter at any of the 
three wavelengths (150, 189, or 238 meters). Thus, a complete installa- 
tion covering the three wavelengths could handle nine conversations 
at the same time. This appears to have been the first practical use of the 
“carrier" principle. 

Upon declaration of war by the United States on April 5, 1917, 
effort in radiotelephony was changed from general, experimental 
projects to specific applications. In the previous month, the Navy 
Department had requested the construction of 15 experimental sets 
for use on submarine chasers where rapid short-range communica- 
tions were important for coordinating their movements. These sets 
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were primarily intended for continuous-wave telegraphy, but were 
also equipped with a telephone-modulating attachment. They were 
almost immediately superseded by an improved design based on 
developments in aircraft communication which will be described 
shortly. On November 10, 1917, a demonstration of experimental 
gear was held at New London, Connecticut, in which communica- 
tion between submarine chasers was established at a distance of 
4 V 2 miles. At a second demonstration a loudspeaker was used so 
that a number of people could participate in the communication. 
The installation on the first group of 12 boats was completed in 
February 1918. 

The standard equipment was designated CW-936 and operated 
on five frequencies in the 500- to 1,500-kHz range with a power of 
about 5 watts. This was the first successful radiotelephone equip- 
ment standardized by the Navy. It was not only responsible for 
popularizing voice operation in the Navy, but served as a prototype 
for following generations of radiotelephone equipment. The 
CW-936 equipment quickly came into demand for all kinds of 
uses and over 2,000 units were installed on ships of both the 
United States and British Navies. As late as 1930 they were still 
in wide use. In the early 1920s they were a popular item on the 
surplus market and found their way into college laboratories as 
well as private hands. 

4.1.2 Aircraft Communication 

Both the U. S. Army Signal Corps, which operated the Army 
Aviation Service, and the U. S. Navy saw the need for radio com- 
munication between airplanes and ground and between the planes 
themselves. Both agencies called on Western Electric for assist- 
ance. As early as September 1916 an experimental seaplane 
radiotelephone set capable of operating in the 300- to 1,000- 
meter (1,000- to 300-kHz) range was developed for the U. S. 
Navy. It was tested in Washington by the Navy but was never 
installed on a plane because of weight limitations. 

Early in May 1917 radio work within the Western Electric 
Company was redirected towards areas that might be useful to the 
military and the organization was well prepared when on May 22 
a formal request was received from General Squier, the Chief 
Signal Officer, for the development of an airplane set with 
2,000-yard range. The speed of response seems marvelous today 
when we have become accustomed to long lead times. A few 
dates will illustrate: 

May 22, 1917 — Authorization for development received 

June 5 — Requirements review in Washington 
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July 1 — Field test started on experimental equipment 
j u ly 2 — First air-to-ground transmission (about 2 miles) 

July 4 — First ground-to-air transmission (about 2 miles) 

August 20 — Two-way communication between planes in flight 

(up to 2 miles) 

October 14 — Standardized sets tested 

October 16 — Distance tests successful to 23 miles (ended by break 

in plane cooling system) 

October 24 — Sets boxed for shipment abroad for field evaluation 
December 2 — Final tests at Dayton, Ohio; quantity orders for 

manufacture of set coded SCR -68 placed immediately 
after 

November 2 — Request for adaptation of airplane set to submarine 

chaser 

November 10 — First tests at sea 

December 27 — First installation of new set designed for chasers 

January 11, 1918 — Successful field test 

February 1918 — Installation on 12 boats completed. 

All of the above work was done with transmitters employing the 
Colpitts oscillator and the Heising “constant current" modulator. 
Receivers used a “gridleak" detector circuit followed by two stages 
of audio amplification. Two types of vacuum tube using the long-life 
Wehnelt cathode were employed, the VT -1 for receiving and the 
VT-2 for transmitting, the latter delivering about 3 to 5 watts of 
high-frequency power. Transmission was in the 200- to 500-meter 
range (1,500 to 600 kHz) using a trailing-wire antenna on the plane. 
Power on the submarine chasers was obtained from the ship's battery 
but on planes no power was available, and attachments to the engine 
were not permitted. Therefore a wind-driven generator placed in the 
propeller's slipstream was developed to meet the communication 
needs. Available regulators were not adequate to maintain constant 
voltage over the wide range of generator speeds which resulted, and 
a unique vacuum tube regulator was developed by H. M. Stoller that 
maintained voltage within close limits over a three-to-one speed range . 27 

Experimental equipment used in the early airplane tests is pic- 
tured in Fig. 5-9. Somewhat later equipment is shown in Fig. 5-10, 
together with participants in a demonstration. The standardized 
SCR -68 transceiver is shown in Fig. 5-11 and the complete equip- 
ment for a two-place airplane is shown in Fig. 5-12. Included were 
means for voice communication between the two occupants which 

27 The generator had a main field with a vacuum tube filament in series and an 
opposing field in series with the plate circuit. Increasing speed increased the main 
field and the filament current which in turn caused the plate current and opposing 
field to increase and thus maintain the voltage approximately constant. 
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Fig. 5-10. Early aircraft-radio tests. E. B. Craft is at the left, and Col. N. H. Slaughter 
at the right. The two officers behind the table are First Lt. Ralph Bown and Major 
Nathan Levinson. 



Fig. 5-9. Experimental equipment used in early 
airplane radio tests. 


Fig. 5-11. Signal Corps Standard SCR-68 radiotelephone 
transmitting and receiving set — transceiver. (Craft and 
Colpitts 1919, Fig. 32) 
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previously, because of the high noise level, had only been possible 
by hand signals. The wind-driven generator is shown in Fig. 5-13. 
A circuit schematic for the transceiver is shown in Fig. 5-14. The 
weight of the complete equipment was about 58 pounds, including 
the generator and the two operator's sets. 

Probably the most important requirement in the work just de- 
scribed was rapid development. The systems resulting were not 
what would have been developed under normal conditions with time 
available for study of technical problems and optimization of design. 
Instead, the design represented a compromise using available circuitry 
and parts, so far as practical, supported by brief experimental dem- 
onstrations of feasibility. 

One of the important limitations on the use of the SCR-68 airplane 
equipment was imposed by the long trailing-wire antenna. This 
was satisfactory for training and some other applications but would 
be hazardous in tactical flights requiring high maneuverability. A 
smaller radiating system was obviously desirable and this in turn 
would require the use of higher frequencies. In October 1917 some 
laboratory sets were made for wavelengths of 70 to 150 meters (4 to 
2 MHz). Later the development of such a set was requested by the 
Signal Corps and it was built in April 1918 and tested thereafter at 
Camp Alfred Vail in New Jersey. Although the design was finalized 
(Figs. 5-15 and 5-16), it came near the end of the war and apparently 
there was little, if any, production. Electrically these sets were similar 
to the SCR-68 with changes to minimize the effects of wiring capaci- 
tance and inductance which became much more important at the 
higher frequencies. Because of the short wavelength, smaller antenna 
systems were possible. Originally, a short structure on the top of the 
airplane was used with two wires extending to the tail. Later studies 
of antenna radiation resistance and pattern showed that a superior 
arrangement consisted of two short unweighted wires, one from each 
wing tip, joined by a wire above the fuselage, the whole working 
against the conducting portion of the plane as a counterpoise. 

4.1.3 Postwar Effort 

Some of the work described above naturally carried over after 
the armistice of November 11, 1918, to bring going projects to com- 
pletion. In addition, development of a line of standardized radio- 
telephone and radiotelegraph sets was undertaken. It was planned 
that the smallest of these would have a power of 5 watts and a nominal 
range of 10 miles, and the largest would have a power of 500 watts 
and a nominal range of 100 miles. Demonstration models of the 500- 
watt set were built and in 1922 used to provide a radiotelephone 
circuit between Peking and Tientsin, China. In addition, a duplex 



Fig. 5-12. Signal Corps 
Standard SCR-68 radiotele- 
phone transmitting and re- 
ceiving set — complete equip- 
ment for two-place airplane. 
(Craft and Colpitts 1919, Fig. 
31) 


Fig. 5-13. Method of 
mounting wind-driven gen- 
erator. (Craft and Colpitts 
1919, Fig. 33) 
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Fig. 5-15. Short-wave-type airplane radiotelephone set. (Craft and Colpitts 1919, Fig. 36) 


radiotelephone set for fire control use on all types of naval vessels 
was developed for the Navy in 1919. 

However, it soon became apparent that Bell System needs would 
place heavy demands on the available development manpower and 
Western Electric largely withdrew from the military communication 
field 28 until the late 1930s when the technical skills of the Bell System 
were again required in preparing for and prosecuting World War II. 

4.1.4 The Military Effort in Retrospect 

The developments in radio communication just described had 
little direct effect on the outcome of World War I since the 19 months 

28 The patent agreements reached in 1920 (see Section 4.2) also must have played a 
part in reaching this decision. 


Fig. 5-16. Interior construction of short-wave transmitting and receiving units (Craft 
and Colpitts 1919, Fig. 39) 
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between our entry and the war's termination provided little oppor- 
tunity for the application of new technology. Of the many radio 
sets for airplanes, submarine chasers, etc., in production, few actually 
saw service. However, the impact of the wartime effort on military 
thinking was considerable. The feasibility of rapid voice communica- 
tion between all military vehicles in the air or on the sea had been 
effectively demonstrated and there would be no return to the primi- 
tive means for communication in use prior to 1917. 

The impact of the war on technology was also very substantial. 

Because of the need for haste, there had been little time or effort 
devoted to fundamental analytic studies. But the pressures of necessity 
greatly stimulated invention and ingenious empirical solutions to a 
wide variety of technical problems. In addition, this work provided 
useful experience in the standardization and quantity production of 
apparatus and components, particularly vacuum tubes. 29 

The problems involved in airplane communication illustrate the 
effect of war requirements on technology. In June 1917, when the 
first meeting was held in Washington to establish technical require- 
ments, it was found that practically nothing was known about the 
wavelengths desired, antenna types available, antenna radiation char- 
acteristics, power supplies, and similar essentials. Many of the deci- 
sions were made by judgment backed by a few field tests. It was on 
this basis that the original wavelengths were selected. The trailing- wire 
antenna, adopted for early systems, had been used abroad for tele- 
graph transmission. The solution of the power problem has been 
described. Circuitry for detectors, amplifiers, and oscillators was avail- 
able as the result of prewar effort. In airplane systems low weight was 
essential, and this required efficient modulation of the carrier to 
minimize the amount of carrier and prime power required. The Heising 
constant current modulator proved most suitable and, with the Col- 
pitts oscillator, formed the basis for all airplane sets. 

However, there was no experience available for the solution of 
many problems. Acoustic noise in the plane, in which the occupants 
sat in open cockpits, was enormous. Helmets containing built-in 
telephone receivers were developed to reduce the noise reaching the 
ear (Figs. 5-12 and 5-17) and microphones that minimized noise 
pickup were developed largely on a trial and error basis. Electrical 
interference from the ignition systems of airplanes and submarine 
chasers was at a very high level. On planes no alteration of the plane 
equipment was permitted, but shielding of the ignition wires was 
found to be acceptable. Small choke coils in the ignition leads solved 

29 The total output of commercial vacuum tubes was less than 200 per week in 
August 1917, but by the end of the war in November 1918 deliveries were at the 
rate of 25,000 per week. 
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the problem in sumarine chasers. Weight and space problems re- 
sponded to new packaging approaches, including the use of a multiple- 
unit plan of assembly. Both circuit and equipment design were aimed 
at eliminating minor adjustments. Vibration was far beyond anything 
experienced on the ground and was particularly critical in the design 

of vacuum tubes. Figures 5-18 and 5-19 show the tube structures 
developed to meet the mechanical requirements of airplane service. 

Somewhat hidden in the war effort was a lesson that was soon to 
be recognized and has had a continuing impact on Bell System re- 
search and development. So much progress could be made in such a 
short time in an area where there were so many unknowns only 
because there was available a sound background of basic knowl- 
edge on which to build. Previous work on acoustics, interference pre- 
vention, power supplies, and design of telephone instruments, when 
added to theoretical and practical knowledge of the vacuum tube, 
provided the background for quickly putting together a complex sys- 
tem meeting completely new requirements. The large element of 
judgment and empiricism which was required to meet the needs of 
the mom'ent was successfully applied only because it was backed by 
broad-based knowledge and experience. 

Probably the greatest impact of the war on radio technology came 
from the demonstration of feasibility. At the end of the war many 
theoretical problems, bypassed through empirical solutions, would 
have to be solved to put radio communication on a sound basis, but 
these could be approached with the knowledge that “it worked.” 

4.2 Postwar Bell System Experiments 

Work during World War I had eliminated doubts as to the technical 
feasibility of radiotelephony but left many questions concerning its 
commercial future. In reviewing the situation Bell System managers 
and scientists found three questions of considerable concern: 

(/) What is the most likely field of use for radio in the Bell System? 

( ii ) How could progress in applying radio be made in the face of the 
complex patent situation? 

(in) Is commercial development consistent with the availability of 
frequency space? 

Before relating the technical evolution of commercial radioteleph- 
ony, we should examine these questions a little more closely to see 
how they affected the program which was ultimately followed. 

The justification for the wartime program had been obvious. Rapid 
communication between bases and vehicles without the use of skilled 
operators was highly desirable and, in the face of this military need, 
the cost of providing the service was not of major concern. In com- 
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Fig. 5-17. Telephone receiving helmet for airplane radio. (Craft and Colpitts 1919 
Fig. 40) 


Fig. 5-18. Western Electric receiving- 
type vacuum tube — Army and Navy 
Standard. (Craft and Colpitts 1919, Fig. 
17) 


Fig. 5-19. Western Electric transmit- 
ting-type vacuum tube — Army and Navy 
Standard. (Craft and Colpitts 1919, Fig. 
25) 





Radio Transmission 


381 


mercial service, on the other hand, the use of radio must be justified 
economically as compared to other media and, even where there is no 
alternative, a commercial service is warranted only if, in the long run, the 
users are willing to pay the cost. 30 As early as February 1919, E. B. Craft 
and E. H. Colpitts reviewed this matter in a paper presented to the 
American Institute of Electrical Engineers. Their conclusion was that 
with the conditions prevailing then, and in the foreseeable future, 
radio transmission would not be a competitor for wire transmission 
in densely populated areas because of cost, lack of privacy, and prob- 
lems of selectivity and interference. On the other hand, there were 
areas where radio was feasible and wire telephony was a physical 
impossibility. Their final conclusion is best presented by quoting 
their summary: 

Fortunately, however, the connection of a wire system to a radio system 
is [not] complicated 31 . . . Leaving aside for the moment the particular 
methods by which radio telephone communications is to be carried on, 
it is clear that the establishment of communication between two individuals 
will be most efficiently realized through the use of a combination of wire 
transmission on a network extending over perhaps 99% of the stations and 
radio transmission to those relatively few stations to which it is either im- 
possible or impracticable to build lines. These stations will be of two kinds: 

1. Moving , such as ships, airplanes, trains, trucks; 

2. Fixed but inaccessible , such as on islands, in deserts and very sparsely 
settled regions. 

A third class of service is that which is concerned, not with single indi- 
viduals, but with groups; such service as the broadcasting of news, 
time and weather signals and warnings. In some cases one objection to 
radio telephony (i.e., omni-directional radiation) would be an advantage 
in this class of service. 

This situation existed for the next 20 to 30 years after which the 
evolution of microwave and carrier telephone techniques began to 
eliminate some of the factors previously limiting radio applications and 
opened the field to economic competition with wire lines. 32 Before 
passing on to our next problem we should note that even with the 
limited outlook for radio application that existed at the end of the war 
there was never any doubt that the technological development should 
be pursued. The prewar experiments had clearly demonstrated the 

30 An exception might be a supplementary service which, while not paying its way 
originally, provides intangible benefits by greatly increasing the usefulness of the 
telephone network as a whole. Such arguments could be advanced on behalf of overseas 
and mobile services. 

31 This statement is slightly optimistic as the reader will find when he comes to Section 
4.3.5 which covers the interconnection problem. 

32 At the time this is being written, in the early 1970s, microwave radio has become 
an important competitor for wire, particularly over long distances, but wire is still the 
preferred medium for circuits in densely populated areas. 
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value of developing technology so that it would be available when need 
for it arose. 

Before the United States entered World War I, the patent situa- 
tion had become complex since work in radio, particularly that involving 
the new audion, had become widespread. Inventors all over the world 
had applied for or received patents, many involving conflicting or 
overlapping claims, that were fundamental to the development of 
the art. During the war the urgency was great and work proceeded 
regardless of the rights and claims of individual inventors, all com- 
panies making their inventions freely available to the government. 
The stimulus to invention provided by this work produced even more 
patent applications. As a result the patent situation at the end of the 
war approached chaos. There were a large number of conflicting 
claims concerning fundamental principles based on inventions made 
almost simultaneously. No one could be sure which inventor held 
priority until this was decided through litigation which, under pre- 
vailing conditions, might take many years to resolve. Some orderly 
basis for proceeding without the possibility of future penalties for 
patent violation was necessary if the art was to be reduced to practice. 

Where it was practical the Bell System purchased the right to use 
fundamental patents, such as that for the Lowenstein negative C 
battery (grid bias), but the vacuum tube patents and applications 
held by the large manufacturing organizations were so many, complex, 
and conflicting that resolution of the patent problem through bilateral 
agreements was unlikely. Instead, it appeared more practical to pool 
these patents and define their field of use by the interested concerns. 
Accordingly, at the request of the United States Government, the 
General Electric Company and AT&TCo entered into a cross-license 
patent agreement, effective as of July 1, 1920. Following the original 
agreement, extension agreements were made with the Westinghouse 
Electric and Manufacturing Company and the newly formed Radio 
Corporation of America (which had taken over the interests of the 
Marconi Company in the United States). As a result of these agree- 
ments, the situation in the early 1920s was roughly as follows: Radio- 
telephone equipment for commercial and public service uses was 
to be provided by AT&TCo or through its manufacturer, the Western 
Electric Company. Amateur radiotelephone equipment (later inter- 
preted to include radiotelephone broadcast receiving sets) and 
radiotelegraph equipment were to be manufactured by the General 
Electric Company and the Westinghouse Company and sold through 
the Radio Corporation. The underlying principle throughout this 
cross-licensing agreement was to free radio development from the 
possibility of future disastrous litigation and thus assure availability 
to the public of the best technical methods at an early time. It also 
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played a large part in defining the areas in which the Bell System 
was to apply radio technology. 

The problem of frequency allocation had been of importance 
practically from the beginning of wireless. By the very nature of 
radio waves, which could travel great distances without regard for 
physical boundaries, it was an international problem and was so 
recognized as early as 1903 when a preliminary conference was held 
in Berlin. Three years later the first truly international conference 
(attended by 29 nations) met, again at Berlin, to consider commercial 
and technical problems, the major one being frequency allocation. At 
this time the frequencies below 188 kHz were assigned to long-distance 
coastal (point-to-point) communication, the frequencies from 188 to 
500 kHz were designated for military use, and two frequencies (500 
and 1,000 kHz) were set aside for maritime (ship-to-ship and ship-to- 
shore) use. It is interesting to note that the last two frequencies were 
shared by all maritime operations, the problem at this time being more 
that of establishing a common working frequency where all could 
come together, rather than finding a way to spread them out over a 
band; congestion was obviously not yet a problem. These allocations 
were confirmed at the London Conference of 1912, the last before 
the first World War, and a few more allocations were made for new 
services such as radio beacons, weather reports, and time signals. How- 
ever, telegraphy was still the service of main concern and the only tech- 
nically feasible type of two-way communication existing at the time. 

After World War I the situation was completely changed; two-way 
radiotelephony was a technical reality and by 1920 broadcasting 
was clearly a possibility. The question of where to place these services 
in the frequency band was fundamental to their development and 
was further made critical by the fact that each channel would require 
some one hundred times as much frequency space as a telegraph 
channel. Clearly the problem of congestion was now paramount. 

Some of the frequency allocation problems were entirely domestic 
and all had at least some effect on domestic developments. Therefore, 
as a first step in bringing order to this matter, the U.S. Secretary of 
Commerce appointed a committee to study radio allocations in the 
light of the changed situation. This committee, meeting first in February 
1922, produced recommendations on which subsequent legislation was 
based. They proposed tentative frequency assignments which were 
consistent with their recommendation that a large part of the avail- 
able frequency space be set aside for various kinds of broadcasting 
with a small amount reserved for ship-to-shore, transoceanic, and 
fixed stations. 

After this, and similar preliminary work elsewhere, the problem 
was taken up on an international basis at the Third International 
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Conference in Washington in 1927 with U.S. Secretary of Commerce, 
Herbert Hoover, as Chairman. This meeting undertook to allocate all 
frequencies between 10 hertz and 60 MHz. 33 By this time broad- 
casting had become a major user of frequency space. The full solution 
of the broadcast allocation problem did not come for some time and 
involved complications we need not go into here. Of most signifi- 
cance to the United States was the confirmation of the allocation, 
previously agreed to domestically, of 500 to 1,500 kHz for United 
States broadcasting. The use of this wide frequency band for broad- 
casting involved clearing the space of other users and had a consider- 
able effect on Bell System work which had begun shortly after the war. 

The uncertainty concerning frequency allocation was the last of 
the major postwar problems to be cleared up, but by the latter half of 
the twenties it had been clarified to a point where commerical planning 
and development work could proceed. 

Before leaving the subject of frequency allocation, we should men- 
tion a rather special situation that existed in the United States from 
an early date and later developed international implications. There 
had grown up in this country a large body of amateur wireless 
experimenters. It has been estimated that as early as 1910 about 4,000 
amateur stations existed, some four or five times the total number of 
commercial and military stations. These amateurs operated without 
regulation, being free to use any power and work at any frequency 
they saw fit. Being non-commercial, they felt free to ignore patent 
licensing regulations and were quick to adopt new and promising 
techniques; as a consequence they sometimes had equipment superior 
to commercial stations and by sheer numbers practically dominated 
the air. Several attempts had been made to control (or prohibit) their 
operation but these were not successful until 1912 when a regulation 
covering amateurs was included in the Alexander Bill which was in- 
tended primarily to implement the 1912 international agreements. 
The regulation covering amateurs (which had no international counter- 
part at that time) provided for licensing of stations, prohibited the use 
of wavelengths over 200 meters (frequencies under 1,500 kHz), and 
limited power to a maximum of 1 kW. At that time the frequencies 
above 1,500 kHz were considered largely useless, particularly with low 
radiated power, since surface-wave losses were very high. The 
regulation was intended to eliminate interference from amateurs at 
commercial frequencies and hopefully to eliminate amateur stations 
completely. Fortunately the latter objective was not accomplished, the 

33 A start was also made on limiting the inefficient use of frequency space. The 
spark station, which had so long been a wasteful user of frequencies, was outlawed 
after 1930 (except for very low power stations) and no new stations of this type were 
permitted after 1927. 
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amateur group continued to grow, and the amateurs provided a large 
number of experienced operators when they were badly needed during 
World War I and in the postwar years. Amateurs also were to play 
an important part in the rapid development of broadcasting. Even 
more important, they discovered that the frequencies allocated to 
them were usable and their experiments, carried out in the early 
twenties, had a significant effect on the development of overseas 
communication. 34 By 1927, the worth of amateur radio had been so 
well demonstrated that specific frequencies in six bands were assigned 
on an international basis in spite of initial opposition from almost 
every government except that of the United States. 

4.2.1 Ship-to-Ship Experiments 

Although the commercial outlook for radiotelephony was uncertain, 
it was agreed by Bell management that the radio art could best be 
developed by selecting a specific goal rather than attempting broad 
and undirected experimentation. The first work undertaken, in 1919, 
was to develop a radiotelephone system for vessels at sea that could be 
connected to Bell System telephone customers through the wire network. 

The experiments were carried out with two coastwise ships, the 
Ontario and the Gloucester, which sailed between Boston, Philadelphia, 
and Baltimore and thus were nearly always within a few hundred 
miles of the land stations located near Green Harbor, Massachusetts, 
and Deal, New Jersey. 35 Transmission was by double sideband with 
carrier transmitted, using separate transmitters and transmitting 
antennas for each channel at the shore stations. On shipboard, the 
same antenna was used for transmitting and receiving. Different 
frequencies were used for the two directions of transmission, and 
further decoupling of the two directions (necessary to avoid singing, as 
discussed in Section 4.2.4 of Chapter 4) was obtained by using space 
separation between the transmit and receive antennas at the shore sta- 
tion, together with hybrid balance at the connection to the 2-wire tele- 
phone line. The technical advantages of single-sideband, suppressed- 
carrier transmission were recognized at the time of these experiments 
but the technique was not adopted because of practical problems. 
It was highly desirable to minimize the amount of special equipment 
required on shipboard and at the time most ship receivers were not 
suitable for single-sideband reception. 


34 Some of the contributions of amateurs will be covered in more detail later in this 
chapter. 

35 In 1922, in cooperation with the Radio Corporation of America, S. S. America was also 
equipped and tests were made on transatlantic runs, including the measurement of field 
strength over the entire distance. 
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By the fall of 1920 a demonstration of simultaneous three-channel 
operation from a shore station had been carried out. The wave- 
length was in the neighborhood of 400 meters (750 kHz) and the 
transmitters were capable of putting out about 1 kW of modulated 
radio-frequency power. This output was provided by six power tubes 
connected in parallel, each with a rating of 250 watts. The shore sta- 
tion for this operation is shown in Fig. 5-20 and an interior view 
of the operating room in Fig. 5-21. An inside view of one of the trans- 
mitters is presented in Fig. 5-22. The shielded oscillator is at the 
upper right and the other two shielded compartments contain ampli- 
fiers. The large unshielded compartment contains six radio-frequency 
power amplifiers. 

On shipboard three power tubes rated at 250 watts were employed, 
one being a master oscillator, one a power amplifier, and one a modu- 
lator. A front view of an early experimental shipboard transmitter 
showing the three tubes is presented in Fig. 5-23. 

The objective in all of this work was to provide a radio circuit having 
a net loss, that is, a loss from the standpoint of voice transmission, of 
6 Transmission Units (dB). This was achieved by manually adjusting 
the gain, or amplification, of the receiver to compensate for the many 
variations that occurred in the transmission path. A range of 40 dB 
was required in order to handle all of the variations resulting from 
distance and diurnal effects. 

This work was brought to a conclusion in the early 1920s by the 
postwar depression in shipping and by the allocation of the most 
desirable frequency space to broadcasting.. As we shall see shortly, it 
was soon found possible to use high frequencies for long-distance 
transmission and work on ship-to-shore service was again undertaken 
in the late 1920s, largely as an outgrowth of the transoceanic devel- 
opments discussed in Section 4.3. Service was initiated on the North 
Atlantic in 1929 using shore facilities similar to those used for trans- 
atlantic service. The ship installation included a 500- watt trans- 
mitter employing a screen-grid power tube. This service has been 
continuously extended ever since, not only to large passenger ships but 
also to small boats on coastal and inland waters. In a sense, all of today's 
service to mobile units, which now includes automobiles, trains, and 
airplanes, has grown out of the original concept of broadening commu- 
nication coverage by using radio to supplement the fixed-wire network. 

Although the work of the early 1920s did not immediately lead to 
a commercial service, it had an important impact on technology and 
provided much background information that was required when 
mobile service was established at a later date. Some of the technical 
achievements were: 
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(z) Establishment of the requirements for, and development of, a 
workable duplex system 

(ii) Development of highly selective, superheterodyne receivers 
which permitted close spacing of channels 
( in) Progress in placing radio transmission on a quantitative basis by 
the measurement of field strength and circuit net loss over long 
periods of time, thus demonstrating not only the variation with 
distance but also the large variation between day and night 
transmission. 

( iv ) Demonstration of the importance of path variability and talker 
volume on system design and operation. This pointed up the 
ultimate need for automatic control of radio circuit gain and 
voice level. 

(iz) Demonstration of the serious nature of interference from spark- 
type transmitters and the need for their elimination. 

4.2.2 First Commercial Application 

In the meantime, work was going on that was to lead to the first 
use of radiotelephony for public service. Early in 1920, a need devel- 
oped for telephone service to Catalina Island, off the coast of Cali- 
fornia. A submarine cable would have been the natural choice for 
this service since the distance was short and ultimately more circuits 
would be required than could readily be supplied by radio. However, 
conditions growing out of the war were such that cable could not 
be supplied in the time desired and the Pacific Telephone Company 
requested the American Telephone and Telegraph Company to 
develop a radio link to the mainland. The first conference on this 
project was held on April 30, 1920, and just 77 days later, on July 16, the 
first commercial radio and connecting land toll line was opened for 
public service between Avalon, Catalina Island, and Long Beach on 
the mainland (about 30 miles distant) using equipment shown in Figs. 
5-24 and 5-25. 

Each transmitter in this installation had a power output of about 100 
watts, and 4-wire communication was obtained by using two fre- 
quencies — 638 kHz from the mainland to Catalina Island and 750 
kHz in the opposite direction. Hybrid balance was used at the junction 
with the 2-wire land network. A telegraph channel was multiplexed 
with the telephone channel and used independently for telegraph 
service to the Island. Another interesting feature was the use of 
through voice-frequency ringing, the same technique that was being 
applied to carrier-current transmission over wire. 

This system provided good service, but the frequencies employed 
were in the middle of the broadcast band, and the government soon 
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Short-wave radio station at Deal, New Jersey. (Craft and Colpitts 1919 


Fig. 5-21. Operating room of Deal Beach Station. Operator's desk is in the foreground 
transmitters in the background, and antenna loading and coupling coils on the balcony. 
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Fig. 5-22. Interior view of one of the four transmitters at Deal Beach Station. These 
transmitters can be seen in the background in Fig. 5-21. 


Fig. 5-23. Front view of ex- 
perimental shipboard transmitter. 
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Fig. 5-24. Radiotelephone station at Pebbly Beach, Fig. 5-25. Receiver at Long Beach, California, for the California- Catalina Island 

Catalina Island. radiotelephone link. 
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requested that service be terminated so that the frequencies could 
be used for the rapidly expanding broadcast services. Thus the system 
was shut down on August 1, 1923, and telephone service was provided 
thereafter by two submarine cables. 

One disadvantage of the radio system was that anyone with a suitable 
receiver could listen to the conversations (and nearly everyone did). To 
solve this problem a “privacy" system was added some six weeks before 
the radio setup was taken out of service. 36 

Work on the Catalina system not only provided additional technical 
background in the use of full-duplex systems, multiplexing, signaling, 
and privacy but also demonstrated the possibility of using radio for 
temporary circuits when a quick response was required. 

Present-day workers in the field of radio will be interested in Fig. 
5-26 which shows the radio development laboratory at 463 West 
Street (then the headquarters for the Engineering Department of the 
Western Electric Company) about 1922, i.e., towards the latter part 
of the period we have been discussing. 

4.3 Transatlantic Telephony 

To many in the telephone industry the postwar events just described 
must have seemed peripheral to the most challenging problem. Since 
1915, when transcontinental telephony became a reality, and trans- 
mission of speech across the oceans was a demonstrated possibility, 
the next major goal in telephony had been the extension of commercial 
communication overseas. 37 Only thus could the Bell System objec- 
tive of a universal worldwide service be realized. But the momentary 
transmission to the Eiffel Tower in 1915, and the subsequent commercial 
applications of radio at comparatively short distances, left a long way 
to go. The ship-to-shore and similar two-way communication systems 
went far to define and point up the "system" problems, which we 
shall return to later, but did little to solve the problem of furnishing a 
reliable telephone circuit over transatlantic distances. 

When the transatlantic experiments were resumed in the early 1920s, 
there appeared to be only one region in the frequency spectrum capable 
of spanning the distance, namely, the region below about 100 kHz, and 
the initial work was carried out at these frequencies. Very soon the high 
frequencies (5 to 25 MHz) began to show promise and were studied 
extensively, but the main effort continued at the low frequencies, since 
they offered the best chance of early success, and was carried through 

36 See Section 4.3.5 for a description of the privacy problem and how it was handled. 

37 There was considerable doubt that enough traffic could be generated at rates 
adequate to support this obviously expensive system. However, Bell management, and 
in particular J. j. Carty, felt that the ultimate advantage of worldwide service would 
be very great and urged development if there was a remote chance of economic feasibility. 
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Fig. 5-26. Radio development laboratory at 463 West Street, New York City 
(headquarters for Engineering Department of Western Electric Company) about 1922. 
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to commercial application in early 1927. The parallel effort at high 
frequencies advanced very rapidly and by the middle of 1928 a high- 
frequency circuit was occasionally used for commercial service. Work in 
both areas continued for many years. Originally the high-frequency 
circuits were used only to supplement the low, but as techniques were 
refined, they proved capable of furnishing year-round service and 
ultimately provided the basis for the extensive overseas network built 
up in the 1930s and 1940s. 

4.3.1 Low-Frequency Transmission — Technical Considerations 

When the low-frequency work began in the early twenties, the most 
pressing problems centered on power. It was known that very large 
amounts of radiated power would be required, much more than had 
been used in 1915, but it was not certain precisely how much was 
necessary for year-round, 24-hour service. Thus, there were two sepa- 
rate power problems: 

(i) Determining the amount of radiated power required for reliable 
telephony, and 

(ii) Finding practical means for supplying this power. 

Power requirements were difficult to predict because the radio 
medium, unlike wire (particularly cable), provided an unstable trans- 
mission path. Noise, commonly called static, varied greatly on both a 
long-term and short-term basis and was also greatly affected by the 
location of the receiving station. The wanted radio signal, which must 
at all times be large enough to override noise, was in itself subject to 
large diurnal and seasonal variations as the characteristics of the 
propagation path changed. 

This problem existed in spite of years of transatlantic radiotele- 
graph service. Radiotelegraphy, as carried out at the time, was a much 
simpler operation than radiotelephony and required much less knowl- 
edge of the characteristics of the medium. Short-term variations 
in noise were not too important since some deferment of trans- 
mission, during periods of high noise, was tolerable and repetition 
of the message could be made whenever reception was doubtful 
because of momentary bursts of static. In addition, the experienced 
operators employed were skillful in adapting to the vagaries of the 
medium. Communication was carried out mostly at frequencies below 
30 kHz and as low as 10 to 15 kHz, a range where there was 
reasonably constant wave propagation with only modest departures 
from the inverse-square law. Thus for telegraphy, the amount of 
power required was reasonably predictable and service could be 
adapted to meet conditions if the available power occasionally proved 
to be inadequate. 
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Commercial radiotelephony, if it was to be comparable to wire 
communication, had to provide usable communication between un- 
skilled users, essentially on demand, and be reliable enough to provide 
a signal, for a large percentage of the time, that was sufficiently 
above noise to convey the message with few repetitions. The amount 
of radiated power required for such service could be determined only 
after a long and practically continuous series of observations of noise 
and propagation over a period of at least a year. (In actuality, 
these tests were continued for nearly ten years.) The problem was 
complicated by the fact that the more stable transmission frequencies, 
below 30 kHz, had already been preempted for telegraphy and could 
not be used for telephony. 38 

Some propagation tests had been made, at 800 kHz, in connection 
with the ship-to-shore experiments discussed previously. These had 
shown extreme variability between day and night and the necessity 
for using a much lower frequency to avoid excessive daytime attenua- 
tion. Accordingly, a much larger program was begun towards the 
end of 1922 covering both noise and propagation at about 60 kHz on 
a transatlantic path. More will be said about this work later when the 
Bell System pioneering measuring program is described. Suffice to say 
that transmission was found to be highly variable, as indicated in 
Fig. 5-27 which shows the range and general pattern of the first 
two months of 1923. The factor of importance is, of course, the 
ratio of signal to noise. This is shown on an average basis by month 
in Fig. 5-28. It will be noted that on the average there is a large 
diurnal variation and also a considerable seasonal variation. There 
are also large day-to-day variations around the monthly average curves. 
Unfortunately, nature in its perversity has chosen to provide some of 
the best transmission during the hours of darkness when telephone 
communication is at its ebb. Poorest transmission tends to occur during 
afternoon hours in the United States (early evening in Great Britain). 

While preparations were being made for the long transmission testing 
program required, means were being devised for solving the power 
problem. It was already apparent that for commercial applications 
signal-to-noise ratios would have to be improved by many orders of 
magnitude as compared to the 1915 experimental setup. To accomplish 
this solely through the use of more vacuum tubes would have been 
completely impractical. The "tyranny of numbers," which we hear so 
much about in discussion of present-day complex systems, was even 

38 Even if not already in use, these frequencies would have been of limited value 
for telephony since this service required a transmission band of 3 to 5 kHz for each 
channel. Thus the favorable frequency band was only wide enough to accommodate 
at best a few telephone channels and the technical problem of devising antennas and 
other equipment providing the relatively wide telephone bands at these frequencies 
was very formidable at best. 
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Fig. 5-27. Transatlantic radio transmission measurements: diurnal signal and noise 
variation, January 1 to February 23, 1923. Shaded area shows range of variation; heavy 
lines are average. Signal field strengths corrected to 300 amperes antenna current. (Redrawn 
from Arnold and Espenschied 1923, Fig. 9) 


then an important factor. With the 500 tubes used in 1915, the 
expected failure rate was probably several per day and this would 
have increased manyfold with the greater numbers required for 
commercial service. Instead, three major steps were taken: 39 

(/) Development of very high power tubes so as to provide greater 
radiated power with only a modest number in parallel 

39 Numerous other improvements and changes were made which collectively were 
important but individually were far less significant than the major steps enumerated. 
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Fig. 5-28. Transatlantic radio transmission measurements: monthly averages of diurnal variations in signal-to-noise ratio for 1923. Transmis- 
sion on 57 kHz. Curves corrected to 300 amperes antenna current. (Redrawn from Arnold and Espenschied 1923, p. 820) 
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(ii) Use of more efficient modulation schemes so that the radiated 
power could be used to greater advantage 
(m) Reduction in the noise picked up by the receiver. 

A major problem in building high power tubes is the dissipation 
of heat. Even with well-designed circuits the amount of heat energy 
which must be disposed of at the anode (plate) of the tube is about 
the same as the useful power that is delivered to the antenna. 
During the postwar years, considerable advance had been made in 
increasing the power of conventional air-cooled tubes, as noted in a 
previous section (Section 4.2.1) discussing ship-to-shore transmission, 
but only a limited amount of heat could be carried away from a 
glass-walled tube by a stream of air. 40 

A much more efficient thermal system was required for very large 
power production and was provided in the early 1920s by the water- 
cooled tube shown in Fig. 5-29. In this tube the metal anode forms 
a container for the active portion of the tube and in operation is 
surrounded by circulating water. The upper portion of the tube is 
glass and serves to support and insulate the grid and filament 
structures. By using a cooling medium with high heat capacity in 
direct contact with the source of heat, a highly efficient system was 
obtained capable of dissipating over 10 kW of heat. Later, this same 
principle was used for larger tubes rated at 100 kW. 

The three main difficulties which had to be overcome in constructing 
these tubes were, first, making a vacuum-tight seal between the copper 
anode and the glass; second, the provision of adequate means for 
conducting the large filament currents through the glass wall; and, 
third, obtaining the necessary vacuum for high power operation. 

The first of these problems was solved in 1919 by the development 
by W. G. Houskeeper of a new metal-to-glass seal. In making this 
seal, the glass and metal parts are brought into contact while hot, 
the temperature being high enough for the glass to wet the metal. 
The part of the metal in contact with the glass is made so thin that 
the stresses which are set up when the seal cools are not great 
enough to fracture the glass or to break it away from the metal at 
the surface of the contact. Seals made in this way are sufficiently 
rugged to stand repeated heating and cooling from the temperature 
of liquid air to that of molten glass without deterioration. 

A seal employing the same principle but different in form was also 
used at the point where the leads, carrying the large filament current, 
pass through the glass walls of the tube. 

In exhausting the tubes, it was found necessary to subject all the 
metal parts to a preliminary heat treatment in a vacuum furnace 

40 The tubes used for the ship-to-shore work were rated at 250 watts whereas the 
1915 tubes had a rating of 25-50 watts. 
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Fig. 5-29. Water-cooled vacuum tube 220B. (Arnold and Espenschied 1923, Fig. 6) 

during which the great bulk of the occluded gases was removed. 
By this process the time of exhaust was considerably reduced but 
the vacuum conditions to be met were so stringent that the final 
process of evacuation often occupied as much as 12 hours. 

The resultant tubes were operated at a plate voltage of 10,000 
volts and were capable of delivering 10 kW at this voltage in a suitable 
oscillator circuit. When tubes are used to amplify modulated currents 
with the large peak values characteristic of telephone signals, the 
maximum electron current is several times the average operating current 
and therefore, to insure the necessary high quality of transmission, these 
tubes were operated for telephone purposes with an average output of 
about 5 kW. The nominal rating was usually referred to as 10 kW which 
corresponds to the maximum permissible plate power dissipation. 

In practice, about 20 to 30 of these tubes were used in parallel 
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giving a fiftyfold increase in power as compared to the hundreds of 
tubes used in the 1915 tests. 

This large increase in power did much to meet the requirements 
for commercial service but further measures were required. One of 
these was to improve the efficiency of modulation by using the single- 
sideband, carrier- suppressed technique which has been described in 
detail in a previous chapter. 41 With the double-sideband, carrier- 
transmitted method used in previous radio experiments, about two- 
thirds of the total power radiated is concentrated in the carrier 
which conveys no intelligence. Thus a large increase in efficiency 
can be obtained by eliminating the carrier and concentrating the power 
in the intelligence-carrying sidebands. The transmission of both side- 
bands is unnecessary and undesirable since this use complicates the 
carrier resupply at the receiver and also requires twice the frequency 
band of a single-sideband system. The narrower single-sideband system 
practically doubled the number of channels possible in the very limited 
frequency band available. 42 In addition, the receiver band could also 
be narrowed with a considerable reduction in noise pickup. The com- 
bined benefit from single sideband was close to an equivalent power 
increase of tenfold as compared to earlier systems. The modulation 
efficiency was further improved by adjusting the speech from the wire 
lines to a constant volume, as discussed in Section 4.3.5. 

Perhaps the largest improvement grew out of studies of noise 
sources and characteristics. At the low frequencies first used for 
transatlantic telephony, the principal noise source lies in a belt near 
the equator. Thus, locating the receiver as far north as practical 
considerably reduced the received noise (and also shortened the distance 
to England). Receiving at Houlton, Maine, for example, provided 
a combined improvement, as compared to New York, equivalent to a 
fiftyfold power increase, or roughly equal to the benefit from the 
high-power tube development. Furthermore, on the important trans- 
atlantic path the signal tended to arrive from a near northerly 
direction or almost opposite to the direction of noise arrival. Because 
of this situation, it was possible to utilize the Beverage wave antenna 
to discriminate between the arrival directions of the signal and noise. 
The benefit on the average from such an antenna was found to be 
equivalent to a power increase of about 100. Such antennas, because 
of the very long waves involved, are far from simple. The one at 

41 See Chapter 4, Section 4.2.5. The single-sideband technique was invented by J. R. 
Carson in 1915 and is widely used in wire transmission. Its application to radio is one 
of the many illustrations of the manner in which the two media benefited from 
common developments. 

42 Another important reason for using the narrower band lies in the difficulty of 
constructing a low-frequency antenna system which transmits a uniform band wide 
enough for double-sideband operation. 
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Houlton consisted of four parallel pole lines some distance apart, 
each about 3 miles long, the outputs being connected to the receiver 
by transmission lines and combined so as to yield an optimum signal 
from the overseas direction. (One of the pole lines is shown in Fig. 
5-30.) Originally a two-element wave antenna was used for receiving 
in the United Kingdom but it was later replaced by an array of 
loop antennas when it was found that the ground conditions were not 
very favorable for wave antennas. 

With these techniques available, which gave a combined improvement 
of some six orders of magnitude as compared to the 1915 experiment, 
commercial service appeared feasible. 

4.3.2 Implementing the Low-Frequency System 

Although much thought had been given to transatlantic radio- 
telephony for a number of years, the development of an overseas 
system did not get truly under way until early 1921. At this time 
a decision was made to develop the necessary high-power vacuum 
tube and studies were also started on the characteristics and benefits 
of wave antennas. In 1922 construction was begun of apparatus 
for measuring noise and signal strength at low frequencies and at the 
same time the use of the large RCA antenna at Rocky Point, Long 





Fig. 5-30. Part of transatlantic receiving antenna at Houlton, Maine. (Page et al. 1932, 
Fig. 15) 
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Island, was being investigated as a possibility for transmitting to 
England. This antenna was a large, multiple-tuned "flat top," 400 feet 
high, consisting of 12 parallel wires each I-V 2 miles long. It was 
supported on six steel towers at each of which leads were brought 
down through inductance coils to ground. This provided a sharply 
resonant radiation system with very little directivity but of high effi- 
ciency. It had been built by the Radio Corporation of America for trans- 
atlantic telegraphy, but the frequency band over which it radiated 
efficiently was made sufficiently wide for telephony by appropriate 
tuning and by equalizing the input circuits. It was ultimately used 
for all commercial low-frequency telephone service to Great Britain. 

All of this preparatory work culminated in a demonstration of one- 
way transmission between New York and London on January 14, 1923. 
The radio circuit employed the high-power tube described previously 
in a transmitter which was a close prototype of that used later in 
commercial service. The Rocky Point antenna was used for transmitting 
and a large loop antenna for reception. Officials of the Bell System 
talked to British Post Office officals using land line extensions at 
each end. Speech was considered to be of good commercial quality, 
and the demonstration generated great enthusiasm. By March of the 
same year a decision was made to build a complete two-way system 
using Western Electric transmitting equipment both in England and in 
the U.S.A. The transmitter for the London end was completed and 
shipped in 1926, and by the end of that year the entire system was 
completed and public telephone service between the two countries was 
opened on January 7, 1927, with a charge of $75 for a 3-minute call. 

The commercial service used the same frequency band, centered 
at 60 kHz, for both directions of transmission. The transmitting 
stations were at Rocky Point, Long Island, and Rugby, England, and 
the receiving stations at Houlton, Maine, and Cupar, Scotland. The 
transmitting antennas were nearly omnidirectional but tuned to give 
efficient radiation over the required frequency band. Initially the 
receiving antennas were of the Beverage type at both ends, as 
mentioned previously. 

The transmitters were almost identical to the one used in the 1923 
demonstration except for a slight increase in power. They consisted 
of three main parts as shown in Fig. 5-31: 

(z) a low-power modulation-amplification system 
(ii) a high-power two-stage amplifier 
( iii ) a three-phase power supply and rectifier. 

Two steps of modulation were employed, both at low-power levels, 
and both using balanced modulators to suppress the carrier in the 
output. The voice band (200-3,000 hertz) first modulated a 33,200- 
hertz carrier and the lower sideband, of 33,000-30,200 hertz, was 



THREE-PHASE POWER SUPPLY 


MULTIPLE 



Fig. 5-31. Single-sideband, carrier-eliminated transmitter for commercial transatlantic (telephone service. 
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selected by a band-pass filter for modulating the second carrier of 
91,700 hertz. The lower sideband gave the signal desired for trans- 
mission (61,500-58,700 hertz), the upper sideband and the unwanted 
carrier being easily filtered out since they were far displaced from the 
desired band. 43 The latter was amplified to about a 750- watt level 
by means of three parallel, air-cooled, glass-envelope tubes. 

Power amplification involved two stages, each employing the water- 
cooled tubes mentioned in the previous section. The first stage used 
two tubes in parallel, and the final stage used as many as 35. 44 (The 
1923 demonstration used only 20.) A multitube output amplifier 
(several were used in parallel) is illustrated in Fig. 5-32 which clearly 
shows the cooling- water duct coiled at the base. This cooling-water 
tube was made long to give a high resistance to ground and minimize 
the leakage of current from the anodes which operated at 10,000 
volts. The complete amplifier assembly is shown in Fig. 5-33. 

The power rectifier used water-cooled diode vacuum tubes otherwise 
similer to the three-element amplifiers. Full-wave rectification of a three- 
phase supply gave an output from which the ripple currents were 
easily removed by filters. 

The receiver also used a double-modulation scheme, the now familiar 
superheterodyne principle, with intermediate-frequency-band and beat- 
oscillator frequencies the same as used in the transmitter. 

This equipment performed well during many months of the year, 
but during the summer the level of static noise frequency became 
too high for commercial daytime service. There seemed to be two ways 
in which this could be corrected; one was to increase the signal- 
to-noise ratio and the other was to move into the high-frequency 
band which usually performed well during this season. The latter 
approach ultimately proved the practical one for transoceanic telephony, 
as we shall shortly see. However, in the late 1920s the characteristics 
of the high-frequency band were not clearly understood and some 
years of laborious measurement were required before the capabilities 
of this band could be defined. It was decided, therefore, that further 
development of transatlantic services would follow a two-pronged 
approach. One was the development of a new and more adequate 
low-frequency system and the other was the continued study of the 
capabilities of the high frequencies. At the time, it was believed that 

43 The double-modulation scheme not only facilitated the removal of unwanted fre- 
quencies but made it easy to shift the transmitted band by changing the frequency of 
the second carrier. Because of the wide separation of the wanted (lower-sideband) signal 
and the unwanted frequencies, moderate frequency changes could be made without 
changing the filters. The 1923 demonstration used essentially the same transmitter but 
an 88,500-hertz second carrier giving a transmitted band about 3,000 hertz lower. 

44 This was commonly referred to as a 150-kW amplifier but the peak envelope power 
was about 200 kW. 




Fig. 5-32. Large vacuum tubes used in the Fig. 5-33. Final amplifier of 150-kW capacity. Pictured are J. C. Schelleng and A. A. 

last stage of the Rocky Point long- wave radio Oswald, authors of the classic paper, 'Tower Amplifiers in Trans-Atlantic Radio Teleph- 

transmitter. ony," Proc. IRE , Vol. 13, June 1925, pp. 313-361. 
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the latter work would at least provide a useful supplement to the 
low frequencies and might in the long run have broader applications, 
as it eventually did. 

Planning of the new low-frequency system started in early 1929 and 
by June 4 the outlook appeared sufficiently promising to authorize 
development. The main changes planned were in the transmitting 
system which would use a final amplifier stage employing six 100-kW 
tubes in push-pull parallel feeding a broadband wave antenna which 
could handle several channels simultaneously. The transmitting station 
would be located in Maine, thus bringing it several hundred miles 
closer to Scotland and reducing the path loss accordingly. Two channels, 
both working from the same antenna, were planned. The first to be 
constructed would be centered at about 68 kHz and supplement 
the existing channel. The second, at 60 kHz, would ultimately re- 
place the Rocky Point channel. Work on the amplifier and power 
supply progressed rapidly with a full-scale experimental model operating 
at the Whippany Laboratory by the middle of 1930. Also, by that 
time, the practicability of the transmitting wave antenna had been 
demonstrated through tests made in Maine with a low- power transmitter. 
Unfortunately the stock market crash of 1929 and the subsequent 
business depression raised serious question as to the immediate future 
of transatlantic telephony. Accordingly, work was discontinued in 
November 1930 except for completion of certain tests in progress 
which continued until March 1931, at which time the completed 
work was documented 45 and further effort discontinued until conditions 
were more favorable. This time was never to arrive since the short- 
wave work covered in the next section had, in the meantime, 
demonstrated that this band could not only supplement the long 
waves during periods of adverse static but could provide the basis 

for a complete worldwide transoceanic system. 

However, the low-frequency system continued to be of value as a 
backup during periods of magnetic storms and in 1939 a second 
channel operating at 68 kHz was added as an “applique" to the Rocky 
Point system. This duplicated the low-power portions of the 60-kHz 
system and the two channels were multiplexed and used the high- 
power amplifiers in common. Appropriate modifications in antenna 
tuning were made so the two channels could be handled. Two-channel 
operation was obtained with some loss in power on each channel . This 
system was continued in use or on standby until 1957 when it 
was dismantled. 

45 Internal report, June 11, 1931, R. A. Cushman and W. H. Doherty, "Engineering 
Report of the Development of the High Power Amplifier and Antenna Coupling Circuits 
for the Two-Channel Long- Wave Transatlantic Radio Telephone System." This report in- 
cludes the first known theoretical treatment of intermodulation distortion in single- 
sideband transmitters. 
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4.3.3 High-Frequency Transmission — Technical Considerations 

We shall now cover the short-wave work that so greatly changed 
the outlook for overseas communication, but before doing so we 
should remind the reader that the work described both here and in 
the preceding section covers only the provision of one-way point- 

to-point radio paths. For commercial telephony it is necessary to com- 
bine two of these unidirectional channels into a two-way system capable 
of working with switched, wire telephone extensions on each end of the 
radio path. The means for doing this is very much the same regardless 
of the radio band employed and will be covered after discussing 
the development of high-frequency radio channels. 

As we have noted, until the early 1920s it appeared that the only 
frequencies which could possibly be used for transatlantic service 
were those below 100 kHz (3,000 meters wavelength). Above this 
frequency the attenuation of surface radio waves was so great that 
only relatively short distances could be covered with practical amounts 
of power. As frequencies were reduced below this point, the attenuation 
was reduced and in the 15- to 30-kHz region used for long-distance 
telegraphy the propagation approached the inverse-distance law even 
for transatlantic distances. 

In 1912, when the radio amateurs were assigned to the frequencies 
above 1,500 kHz (200 meters), it was believed by many that the band 
was so useless, because of the limited power and distance capabilities, 
that amateur radio would soon disappear entirely. In spite of these 
difficulties, and the complete ban on amateur radio during the war 
years, amateur interest refused to go away. By the early 1920s a 
few determined amateurs were working not only at 1,500 kHz but at 
twice this frequency. To the surprise of everyone, transmission was 
occasionally obtained to great distance and in November 1923 
transatlantic transmission was accomplished on three successive nights. 
Within a year, signals from Australia were heard in California over 
a distance of about 7,000 miles. 

During this same period the English Marconi Company was in- 
vestigating the capabilities of the high-frequency band for commercial 
service. In 1921 they had achieved duplex telephony at 3 MHz 
between England and Norway. Two years later they built an experimental 
short-wave station in Poldhu, England, which included a directional 
"beam" antenna with parabolic reflector. In 1924 this station operated 
just above 3 MHz. Later that year, experiments at frequencies up to about 
10 MHz showed improved daytime range. The following year, 
frequencies as high as 150 MHz were investigated and by 1926 
Marconi opened commercial telegraph service to Canada using fre- 
quencies of about 10 and 20 MHz. 
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In the middle twenties it was apparent that there were some interest- 
ing possibilities in this frequency region. The important question 
concerned the reliability of such transmissions. Were they reproducible 
and dependable enough for commercial service, or were they un- 
predictable and only suitable for communication on an occasional, 
unscheduled basis? In 1923 and 1924 when the sporadic long-distance, 
high-frequency transmissions were first obtained, the Bell System 
had already demonstrated good low-frequency transmission and, 
through a comprehensive and highly successful measurement program, 
had provided the data on noise and propagation needed for engineer- 
ing commercial service. Undoubtedly the main effort had to be 
devoted to the long-wave development if the earliest possible service 
was to be achieved. But it was also wise to see what the high 
frequencies offered. This meant not only development of equipment 
and antennas for this previously unused band but a measurement pro- 
gram even more extensive than that carried out at the low frequencies. 

During the war years and in the early twenties, the Bell System 
had developed short-haul airplane and shipboard equipment operating 
at frequencies as high as 3 to 4 MHz. While this was far from 
meeting the needs of transatlantic service, it did provide some insight 
into the problems of high-frequency equipment and inspired some 
confidence that they could be solved. By the middle of 1925 a 
transmitter using water-cooled tubes had been built at the Deal Beach 
laboratory, the output consisting of two 5-kW tubes in push-pull 
configuration. At first this was only capable of operating at the lower 
end of the high-frequency band but the operating frequency was 
gradually pushed upward until 20 MHz was achieved about the middle 
of 1926. 

No adequate quantitative information was available on radio propaga- 
tion at these frequencies. Nichols and Schelleng of Western Electric 
had made some preliminary studies in 1924, but no comprehensive 
work could be done without a high-power transmitter. Such a program 
was started as soon as the Deal transmitter was available. Initial 
tests were over land from Deal to various points to the north, south, 
and west, and later they were extended to a ship traveling between 
New York and Bermuda. In 1925 weekly measurements began on trans- 
mission to England. The initial work covered a period of nearly 
two years, but similar work went on for many more years and 
ultimately covered not only North Atlantic paths but also paths to 
other parts of the world. 

This work showed that as the distance was increased the high- 
frequency signals disappeared rapidly in accordance with previous 
experience, but they reappeared at high intensity at distances of several 
hundred miles and continued at a high level with little attenuation for 
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considerable distance thereafter. The performance depended greatly 
on frequency, time of day, and season of the year. 

Shortly after low-frequency service was inaugurated, enough data 
was available to show that the high frequencies would be useful, 
at least as a supplement to the low frequencies, and development 
of commercial equipment was started. Before we outline this work, 
it will be worth comparing the capabilities of the two frequency bands. 

The low frequencies had four major disadvantages: 

(/) Only a narrow frequency band was available and consequently 
it would be impossible to implement more than a few telephone 
channels. 

( ii) Static noise was severe, particularly during summer on the North 
Atlantic path, and was present essentially at all times on paths 
crossing the equator. 

( ill) The high noise and large path attenuation required very high 
power. Power levels available at that time practically prohibited 
transmission to the Southern Hemisphere or for distances much 
beyond three to four thousand miles in the Northern Hemisphere. 

(iv) Antenna directivity, which would ameliorate the noise and attenua- 
tion problem, was attainable only with very large and expensive 
structures. 

The high frequencies overcame most of these basic faults. A band 
about 20 MHz wide was available instead of the 40 to 50 KHz in 
the low-frequency region. Static noise was low throughout the band 
and negligible at the upper end. Power requirements were modest 
and, finally, and perhaps most importantly, reasonably small directive 
antennas could lower interference and greatly reduce the transmitting 
power requirements by concentrating the power on the desired path. 
While the high frequencies seemed to solve the main problems being 
experienced at low frequencies, they were not without their own 
peculiar disadvantages. New forms of interference such as automobile 
ignition and noise generated within the receiver were important and 
had to be guarded against. Not all frequencies were usable at all 
times. Typically, a given frequency would be usable for a few hours 
and then have to be replaced by another, as shown by Fig. 5-34 
which also provides a low-frequency comparison. Similar changes oc- 
curred seasonally. The signal was not constant but tended to fade 
rapidly due to multipath transmission. When the paths differed greatly 
in length, the fading was selective, that is, it occurred in narrow 
bands that swept through the voice band, causing a peculiarly un- 
pleasant distortion. Finally, service could be disrupted completely for 
days at a time as a result of changes in the earth's magnetic field 
(magnetic storms) which were related to sunspot activity as shown in 
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Fig. 5-34. Comparison of transmission at low frequency and various high frequencies. 

Fig. 5-35. 46 As indicated in the figure, long-wave transmission was en- 
tirely unaffected by such occurrences. 


4 . 3.4 Implementing the High-Frequency System 

Early in 1927 an experimental one-way high-frequency channel was set 
up with the transmitter at Deal, New Jersey, and the receiver at 

46 Transmission tended to be particularly erratic when the path passed through the 
auroral belt in the Far North. 
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DAYS BEFORE STORM DAYS AFTER 


Fig. 5-35. Effect of magnetic disturbances on radio transmission. 

New Southgate, London. During the summer of that year, when the 
static difficulties were severe on the long-wave system, this channel 
was used as an emergency commercial channel to England with the 
long-wave Rugby-Houlton channel used for the return direction. Early 
in 1928 an east-to-west short-wave channel began experimental trans- 
mission from Rugby to Cliffwood, New Jersey, and by the middle of 
the year the experiments had progressed to the point where a two- 

way circuit could be set up and used occasionally for commercial 
service when long-wave transmission was impractical. In June 1929 
two commercial two-way circuits were put into operation between 
England and the United States. In the United States the transmitting 
station was set up at Lawrenceville, New Jersey, and the receiving 
station at Netcong, New Jersey. These sites were selected to minimize 
man-made noise and interference from transmitting stations of their 
own and other communication agencies. In addition, the locations 
would permit their ultimate use for service to South America as well 
as Europe; such service was inaugurated to Buenos Aires in 1930. 

In England the transmitters and receivers were located at Rugby and 
Baldock, Hertfordshire, respectively. 
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The equipment at Lawrenceville and Netcong in 1930 was typical of 
that used in the early years of high-frequency commercial service. 
At this time the stations were equipped for four circuits, three for 
New York-London service and the remaining one for New York- 
Buenos Aires service. The low-frequency system to London was also in 
use but, since the performance was about equal, the high-frequency 
systems were favored where a choice was possible because the cost of 
operation tended to be lower. 

Each of the four channels had its own transmitter, for which the 
frequency could be changed to meet diurnal and seasonal require- 
ments, and its own power plant and antenna system. The transmitter 
schematic is shown in Fig. 5-36. The telephone speech, suitably 
amplified and monitored at a control desk, was used to modulate the 
plate voltage of an oscillator consisting of two 250-watt air-cooled 
tubes in push-pull. This oscillator operated at the carrier frequency 
to be radiated, the frequency being closely controlled by quartz 
crystals in temperature-regulated ovens. To facilitate manufacture, low- 
frequency crystals were used to operate at a submultiple of the main 
oscillator frequency. Harmonic generators multiplied this basic 
frequency as required. Each transmitter was capable of working over 
the range of 9 to 21 MHz, the operating frequency being deter- 
mined by an appropriate selection of inductances, capacitors, and 
crystals. From three to five preselected frequencies were assigned to 
each transmitter and frequency changes could be made in a matter of 
minutes. The modulated signal was fed to a two-stage power amplifier 
using water-cooled tubes with 10,000- volt plate supply. The first stage 
contained two tubes and the second six, the carrier output from the 
latter being 15 kW (60-kW peak power for 100-percent modulation). 
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Fig. 5-36. Block schematic of transmitting system. 
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This system, unlike the long-wave system, employed two sidebands 
with transmitted carrier. The benefits of single sideband were appreci- 
ated, but the power and bandwidth problems were far less severe in 
the high-frequency region and the double-sideband approach was 
adopted to minimize other problems. However, with the low-level 
modulation scheme employed, it was possible to convert the trans- 
mitters to single sideband with no appreciable modification of the power 
amplifiers which represented the major portion of transmitter cost. In 
1933 the experimental use of single sideband was begun and provided 
not only a roughly tenfold improvement in signal-to-noise ratio but 
also a reduction in distortion from selective fading. Commercial 
application began about two years later and it is used almost 
universally today. 

As we have noted, the short wavelengths of the 10- to 20-MHz band 
made the use of highly directive antennas practical. A very interesting 
type of vertical screen antenna, illustrated in Fig. 5-37, was used at 
Lawrenceville. 47 It consisted of a single conductor folded so as to form 
several loops in the same plane. The antenna currents, shown by the 
arrows, were at any instant in phase in the vertical members whereas 
they tended to cancel in the horizontal. This arrangement multiplied 
the radiated power at right angles to the plane of the antenna by a 
factor of four as compared to a single-element radiator. A similar 
system parallel to and x k wavelength behind the main radiator was 
used as a reflector to reduce backward radiation and double the 
power in the desired direction. The basic plan was further extended 
by adding vertical and horizontal elements and by so doing power 
radiation was achieved at Lawrenceville that was as much as 50 times 
that of a single half-wave radiator. Sleet and ice greatly affected 
antenna performance and provision was made for melting it by the 
use of 60-hertz power applied through a sort of composite arrange- 
ment which permitted simultaneous thawing and antenna operation. 
These antennas, while highly directive, were effective for only a very 
narrow frequency band so that it was necessary to use separate 
structures for each transmitted frequency. Later, the non-periodic 
rhombic antenna developed by E. Bruce and H. T. Friis in 1930 was 
adopted since it gave adequate gain over a wide range of frequencies. 

The receivers were of the conventional superheterodyne type with 
a 400-kHz intermediate frequency. Automatic gain control, actuated by 
currents from the intermediate-frequency output, was used to maintain a 
reasonably constant output signal despite the large variation in input 
caused by fading. Each receiver operated at three fixed frequencies 


47 Sometimes called the Grecian Key or Bruce Array type. It was developed at the 
Cliffwood laboratory. 
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Fig. 5-37. Conductor bent to form one section of simple directive antenna. This was the 
type used for transmitting at Lawrenceville. 

between 9 and 21 MHz from three separate antennas each connected 
through its own transmission line and permanently tuned pre- 
amplifier. The preamplifier outputs were switched to a tunable 
radio-frequency input amplifier as required. Final adjustment of the beat 
oscillator completed set tuning. 

The receiving antenna was similar to that used for transmitting but 
had only a single row of vertical elements since the vertical angle of 
arrival of the incoming wave varied throughout the day and a high 
degree of vertical directivity was not desirable unless means were 
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provided to adjust for the angle of arrival. (This was accomplished by 
the Multiple Unit Steerable Antenna developed in 1935.) An interesting 
feature of the Netcong receiving installation was the use of air- 
insulated coaxial-type transmission lines connecting the antennas and 
receivers. These lines, using 3 /i6 and 5 /s inch diameter conductors, not 
only provided low attenuation but also effective shielding against 
local interference. 

4.3.5 Solxring the System Problems 

Transoceanic radiotelephony required the solution of two quite 
different technical problems. The first was providing dependable radio 
channels across the ocean, and the second was making these channels 
function as a link between the extensive wire telephone networks at 
each end. The first of these, the radio link problem, was successfully 
solved in the manner just described. To many readers this may 
seem to be the more glamorous of the two problems since it represented 
such a large quantitative advance by extending the limits of useful 
transmission from distances of tens of miles (as achieved in the war years) 
to thousands of miles. However, to the telephone technician the second 
problem of incorporating isolated radio links into a working telephone 
system was no less challenging and required no less ingenuity in its 
solution. These are the problems which we shall now discuss. 

Radio channels are unilateral circuits transmitting in only one direction, 
whereas telephony requires to and fro communication. In the twenties 
much telephone communication was on a 2-wire basis, i.e., both 
directions being carried on the same pair of wires, and all switching 
and interconnection of circuits was at 2-wire points in the network. 
Therefore, a major system problem required the interconnection of the 
basically 2-wire telephone circuits with the basically 4-wire radio 
channels. This was precisely the problem faced when amplification 
and, later, carrier transmission was introduced into the wire plant. The 
analogy is very close since the radio channels were a combination 
of amplifying and frequency-translation equipment fundamentally the 
same as used for carrier-current transmission on wire. To some extent 
the same technique involving the hybrid coil 48 could be used for 2-wire 
to 4-wire conversion, but radio transmission was sufficiently different 
from wire transmission to introduce additional problems (Fig. 5-38). 

A principal problem in using a circuit such as that shown is the 
prevention of singing, or oscillation resulting from the feedback of high- 
level power from the transmitter output into the low-level receiver 
input. With wire circuits the main cause of singing is high gain 

48 See Chapter 4, Section 4.2.4, for a discussion of the 2-wire to 4-wire conversion 
technique used in the wire plant. 



Fig. 5-38. Block schematic of transoceanic circuit. (Redrawn from Blackwell 1928, Fig. 13) 
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around the loop (as shown by the heavy arrows in the figure), i.e., 
energy from the west, after amplification, is transferred across the east 
hybrid coil owing to poor balance and returned to the sending end 
where it finds its way into the transmitter input by way of imperfect 
balance in the west hybrid. With wire circuits such singing is easily 
controlled by keeping the loop circuit gain well below the losses across 
the hybrid coils. (This is also necessary for echo control.) This is not 
readily done with radio since the transmission path between trans- 
mitter and receiver is highly unstable, particularly at high frequencies. 
A circuit adjusted for stability under average conditions may, therefore, 
easily sing when the path loss is momentarily reduced during the 
upswing of a fade. 

Another possibility for singing occurs as a result of transfer of 
energy from the transmitter output to the input of its own receiver 
(as shown by the light arrows in Fig. 5-38). This type of coupling is 
ordinarily unimportant on wire circuits but can be of considerable 
importance with the high amplification used on radio. The transfer 
can be greatly reduced by using different frequencies in the two 
directions, by locating the transmitting and receiving stations at a 
distance, and by using directional antennas located so as to give poor 
transmission between them. These measures were used successfully in 
the ship-to-shore experiments and on the Catalina circuit, but the 
problem is more severe in the case of transatlantic service. The path 
loss across the Atlantic is so great that power amplifications of about 100 
million (80 dB) are required in the transmitter and the receiver 
(160 dB total). With these large amplifications it is impossible to 
reduce the energy received from the local transmitter to the point 
where hybrid balance is sufficient to control singing. This was particularly 
true in the case of the low-frequency system which used the same 
frequencies for both directions of transmission and had only moderate 
antenna directivity. 

The singing problem was solved by using voice-actuated apparatus 
(located as shown in Fig. 5-38). This was arranged so that when there 
was no speech present, the transmitter input at each end was short- 
circuited, making both transmitters inactive and opening all singing 
paths. As soon as speech was detected at one end, the transmitter 
at this end was enabled and the receiver disabled, thus providing a 
through path to the far end but keeping the singing path open. The 
essential features of the voice-controlled equipment, known as a VODAS 
(Voice Operated Device Anti Singing 49 ), are shown in Fig. 5-39. 


49 This seems to be one of the first outbreaks of the acronym disease which has since 
grown to pestilential proportions. The apparatus can take several forms and over the 
years numerous refinements were added, but Fig. 5-39 illustrates the basic principles. 
The resemblance to the echo suppressor, discussed in Chapter 4, Section 4.2.4, will be 
noted. It was indeed a rather natural outgrowth of this device and illustrates again 
the close relation between developments in the wire and radio fields. 
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Fig. 5-39. Circuit diagram illustrating operation of voice-operated switching device. (Redrawn from Bown 1930, Fig. 1) 
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The functioning of the apparatus is briefly as follows: The relay TES 
is normally open so that received signals pass through to the subscriber. 
The relay SS is normally closed to short circuit the transmitting line. 
When the United States subscriber speaks, his voice currents go into both 
the transmitting detector and the transmitting delay circuit. The 
transmitting detector is a device which amplifies and rectifies the 
voice currents to produce currents suitable for operating the relays 
TES and SS which thereupon short circuit the receiving line and clear 
the short circuit from the transmitting line, respectively. The voice cur- 
rents are delayed a few hundredths of a second in the delay circuit 
so that, when they emerge, relay SS has had time to operate and 
clear the path ahead. (Without this feature, initial speech sounds would 
be “clipped" because of the slow response time of the relay.) When 
the subscriber has ceased speaking, the relays drop back to normal. 

The function of the receiving delay circuit, the receiving detector, and 
the relay RES is to protect the transmitting detector and relays against 
operation by echoes of received speech currents. Such echoes arise at 
irregularities in the 2-wire portion of the connection and are reflected 
back to the input of the transmitting detector where they are blocked by 
the relay RES which is closed and which hangs on for a brief 
interval to allow for echoes which may be considerably delayed. In this 
way, transmission around the loop is prevented and singing due to 
momentary low path losses is avoided. 

The VODAS solved the major problem of adapting radio channels 
to the telephone plant but there were other differences between wire 
and radio transmission that required special treatment. One of these was 
the variability of the radio path loss. On the low-frequency circuit these 
variations were relatively slow and were taken care of by monitoring the 
incoming signal and adjusting received amplification as necessary to 
maintain a reasonably constant voice-frequency loss between the trans- 
mitter input and receiver output. At high frequencies, these variations 
were very rapid and, as indicated in the previous section, were 
taken care of automatically by means of an automatic gain control circuit. 
In this way the vagaries of the transmission medium did not result in 
enormous variations in received speech level. (But the variation in re- 
ceiver gain was manifested to some extent as a change in received noise.) 

Variability was not confined to the radio link alone. The speech 
volume presented to the radio system by the wire end-links varied 
greatly from call to call. (The total range in speech power was as much 
as several hundred to one, i.e., 20-25 dB.) Some of this variation came 
from the difference in length and loss of the wire circuit, but most of it 
resulted from different talker characteristics. Some people had loud, 
powerful voices and others were low-level talkers. This variation 
complicated the design of voice-operated devices such as the VODAS 
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and, more importantly, if not corrected, would have greatly lowered 
the transmitter efficiency. Enough transmitter power capacity had to be 
supplied to handle the very loudest talker but with normal speech 
the transmitter would be operating at only about one-tenth of the 
maximum capability. This situation was corrected by adjusting all 
incoming speech levels to about the same level (within a few dB) as 
that of the loudest talker. In this way the transmitter modulation was 
maximized at all times. Initially, these adjustments (as well as the 
control of VODAS sensitivity) were done by a technical operator who / 
monitored the circuit with the aid of a volume indicator (see Chapter 4, 
Section 5. 1.4. 3). Later (about 1938) the adjustment was made auto- 
matically with a VOGAD (Voice Operated Gain Adjusting Device). 
With this change and with other improvements in control equip- 
ment, it became unnecessary to have a technical operator on each circuit. 

The adjustment of talker volume to give essentially constant (and 
optimum) modulation of the transmitter resulted in a circuit with vari- 
able net loss. 50 For a typical circuit the net loss might be about 6 dB for 
a loud talker whereas a weak talker would result in a circuit 
adjusted for 20-dB higher amplification, i.e., for a net gain of 14 dB. 
Such a high gain would cause very bad echoes and possibly singing 
around the loop on a conventional wire circuit but was made possible 
on radio circuits by the protection afforded by the VODAS. 

The manual adjustment of speech volume and the VOGAD tended 
to equalize talker volume on a long average basis but large variations 
still occurred at a syllabic rate as the speech sounds varied from 
weak consonants to strong vowel sounds. To partially compensate 
for this variation, the compandor (contraction for compressor- 
expandor) was invented by R. C. Mathes and used in the low- 
frequency circuit in 1932. This device added amplification at the trans- 
mitting end on low speech sounds (compressed the range of speech levels 
usually to one-half of the input range) and at the same time added 
compensating loss at the receiving end (i.e., expanded the range of 
speech levels). Thus the compressor raises the level of the weak sounds 
so they more readily override the noise on the radio link. The 
expandor, with its compensating loss, restores the range in speech sound 
level and reduces the noise level during the transmission of the weak 
sounds and during silent intervals. These effects are accomplished with 
no change in circuit net loss. 

The compandor was not used extensively on radio circuits because it 
exaggerated the effects of fading. However, the compandor received 
extensive use on wire circuits, particularly after the late forties. In the 
late sixties the compandor principle was revived and applied successfully 

50 Net loss is a measure of the speech level at the receiving hybrid output as compared 
to the level at the transmitting hybrid input. 
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to high-frequency radio in a device called the Lincomplex (linked 
compressor-expandor) based on British Post Office and Bell System 
developments. 

Another major problem arising out of the use of radio was the matter 
of privacy. Almost anyone with a typical amateur-radio receiver could 
monitor the high-frequency circuits (although they would commonly 
hear only one side of the conversation). The low-frequency circuits, 
using single sideband without carrier, were not picked up by the average 
receiver but modifications to do so were easily made and would then 
detect both sides of the conversation since the same frequency was used 
for both directions. 

The problem of privacy was recognized and worked on at an early date. 
The 1920 AT&TCo Annual Report outlined the then current situation: 

The problem in attaining privacy in radio telephone transmission is 
peculiar and difficult. Nevertheless, in the solution of this problem we have 
also made important progress. Our engineers have carried on conversations 
by radio telephony according to a method which they devised whereby 
ordinary receiving stations can hear nothing but unintelligible sounds; yet 
at all stations equipped with the necessary special apparatus, and in posses- 
sion of the requisite operating information, the spoken works can be heard 
and understood. Our development in this direction is being continued. 

The system referred to, and used on the Catalina circuit just before 
it was discontinued, was a simple translator that inverted the sidebands 
so that the lower voice frequencies were at the edges and the 
higher next to the carrier. This technique was rather easy to apply and 
thoroughly effective on double-sideband systems since demodulation 
by a normal receiver gave an inverted voice band (i.e., the low end being 
translated to the upper end and vice versa). This peculiar inverted 
speech had the rhythm of normal speech but was unintelligible to 
the casual listener. However, it proved possible for some people, with 
practice, to develop a fair capability for understanding it. In addition, 
it was fairly easy for a knowledgeable and determined eavesdropper 
to build equipment which would restore the previously inverted speech 
to normal. As a partial deterrent, there was later added means for 
"wobbling" the transmitted carrier and sidebands a few hundred hertz. 

The inversion techniques were ineffective on single-sideband, carrier- 
suppressed systems since the carrier that was resupplied at the receiver 
could easily be placed to give right-side-up speech. The so-called 
split-band techniques were developed to meet privacy requirements on 
such systems. With these techniques the speech was divided into small 
bands (originally four, and later five). These bands were reordered 
before transmission and restored to normal order after reception. The 
individual bands could be transmitted right side up or inverted. Figure 
5-40 illustrates the process. Originally the frequency arrangement was 
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Fig. 5-40. Illustration of split-band privacy techniques. 


changed manually and left constant for fairly long periods, but later 
the order could be changed automatically a few times a minute, the 
switching at the two ends being done in synchronism. Split-band 
techniques were used rather widely on both the low- and high-frequency 
systems (after the latter were changed to single sideband) and were an 
effective deterrent to the casual listener. However, they did not provide 
complete security against a determined and technically equipped 
intelligence expert . 51 


4.3.6 Further Evolution of Transoceanic Telephony 

The events described so far carry us well beyond the time frame for 
this portion of our history. This has been done deliberately since 
otherwise the continuity of the overseas development story would have 


51 The analogy to the door lock is obvious. It discourages the casual lawbreaker but 
cannot prevent the knowledgeable and determined housebreaker. 
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been broken in midstream. By 1930 overseas service was a reality 
and many of the basic principles for its further evolution had been de- 
veloped. This is therefore a logical place to stop our detailed story, but 
a few of our readers may appreciate a glimpse of the years ahead. 

After a year or two of commercial service to Europe, it was found that 
short-wave circuits were available for service about 80 percent of the 
time (although not all of this circuit time provided high-grade service). 
This was approximately equivalent to the performance of the long- 
wave system, and the two systems together gave a fairly large percentage 
of availability since the high frequencies tended to perform well during 
the summer months when low-frequency static was severe. 

Therefore, in the late twenties it appeared that the main use of the 
high frequencies might be as a supplement to the low frequencies in 
North Atlantic service and for circuits requiring very long hops (as in the 
Pacific) or a crossing of the high-static equatorial belt. However, the 
demand for overseas circuits continued to grow rapidly and it became 
clear that the scarcity of long-wave frequency space would prevent the 
necessary growth. There was no alternative to developing high 
frequencies for universal use by improving transmission as much as 
possible. This work was actively promoted during the next ten years and 
to some extent continues to this day since, in spite of undersea cables 
and communications satellites, high-frequency radio is still the simplest 
and cheapest way to establish very long overseas circuits between points 
with traffic low enough to require at most one or two circuits. 

The high-frequency work proved highly successful despite the 
propagation problems at these frequencies. Exploitation of transoceanic 
telephony not only provided a useful service but demonstrated the 
great need for international communications. Evidence of this need was 
the enormous growth during the ten-year period following its introduc- 
tion which encompassed one of the worst periods of depression ever 
experienced by this and the European countries. During this ten-year 
period, an extensive worldwide short-wave system was set up, as shown 
in Fig. 5-41, which permitted the interconnection of about 93 percent 
of the world's telephones and enabled United States telephone users to 
reach 68 other countries. These circuits developed a market that could 
only be filled by the submarine cable and satellite technology of the 
1950s and 1960s. 

Throughout this period of high-frequency development the low- 
frequency systems were maintained as a backup for transatlantic 
service and were used when high-frequency transmission was com- 
pletely interrupted by magnetic storms. 

As time went on, numerous improvements were made in the high- 
frequency system. As noted, single-sideband operation was introduced 
in 1933 and this was followed by multiplex operation. (Currently, 
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Fig. 5-41. Circuits in operation on the tenth anniversary of the initiation of transoceanic radiotelephone service. The first circuit. New York- 
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where traffic is sufficient, it is common to use three single-sideband 
channels, multiplexed on a single transmitter, in a single 10-kHz 
frequency assignment. 52 ) Non-periodic antennas of the rhombic type 
were commonly used, both for transmitting and receiving. In 1935 the 
MUSA (Multiple Unit Steerable Antenna) was developed which could 
be steered electronically to maximize the incoming signal in both the 
vertical and horizontal directions. This antenna received considerable 
use at the time, but its benefit became less valuable as increased 
transmitting power became cheaper and it became less competitive 
with the simpler non-periodic rhombics. Power amplifiers were in- 
creased in size and now output powers as great as 80 kW (peak 
envelope power) are used. 

In 1931 short-wave transmitter and receiver stations were established 
at Dixon and Point Reyes, California, to handle transpacific service, and 
Florida stations were set up in 1932 for Caribbean and Central American 
service. By the early 1960s when high-frequency radio had achieved 
peak use, about 200 circuits were in use to 58 countries. 

V. RADIOBROADCASTING 

In retrospect, the evolution of radio broadcasting seems inevitable 
once the technological problem of speech modulation had been solved. 
Radio waves tended to propagate in all directions from their point of 
emission; as noted in the Craft- Colpitts AIEE paper of 1919 (see 
Section 4.2), broadcasting could therefore take advantage of a char- 
acteristic of the medium which was a handicap to the development 
of point-to-point service. But, while the technical path seemed clear, 
the commercial evolution was far from certain. There were no precedents 
to guide the development of this new service, and even today, 50 years 
after the first broadcast, the commercial approach differs widely among 
the countries of the world and the objectives that should guide broadcast 
programming are still debated. For this reason the early history of 
broadcasting in the Bell System was not concerned only with 
technical developments, which to a large extent flowed directly from 
the development of two-way point-to-point telephony. It also involved 
the evolution of a commercial approach to broadcasting and decisions 
regarding the Bell System position within this framework. 

5.1 Early History 

The broadcast concept was not new. It will be recalled that Bell, 
as early as 1877, had transmitted music by wire and had promoted 
his invention by demonstrating such transmissions to an audience 

52 In some cases, four channels are multiplexed in a 12-kHz assignment. 


Radio Transmission 


425 


assembled in an auditorium. There was no dearth of imaginative 
prophets who foretold the time when large audiences would be enter- 
tained by opera and orchestral programs transmitted by wire. The 
fact was, however, that these early demonstrations were in the nature 
of stunts and the prophecies were premature since the technology to 
support commercial broadcasts of any kind was not available until 
high-power amplifiers became practical after World War I. Neverthe- 
less a number of important preliminary steps had been taken at an 
early date. 

The Bell System had developed and used a loud-speaking tele- 
phone as early as 1908 and a few years later added high -power 
microphones to form the basis for a primitive public address system. 
In 1913 such equipment was used for a long-distance broadcast 
over an open wire circuit at which the Governor of Oklahoma, 
speaking in Okalahoma City, addressed a group of over 300 people 
in Tulsa some 120 miles away. Since this was before the day of success- 
ful vacuum tube amplifiers, only the amplification provided by the 
carbon transmitter was available and a very powerful, water-cooled 
device was employed. By 1919 the vacuum tube amplifier was a 
reality and a public address installation covering three city blocks 
and using over 100 loudspeakers was employed during a Victory 
Loan Drive in New York City. Probably the most elaborate wire 
broadcast demonstration to date was held on November 11, 1921, 
when the services held at the burial of the Unknown Soldier in Arling- 
ton, Virginia, were broadcast by wire and loudspeakers to an audience 
of about 150,000 people in Arlington, New York City, and San Francisco. 
This represented the high point for this type of broadcast by audio 
means to large numbers of people assembled in a public place since 
by this time radio had developed to the point where it was apparent 
that it could be readily used for broadcasting to individuals in their 
homes. These early experiments with the public address type of broad- 
cast did much, however, to prepare the way for radio broadcasting 
since they provided the necessary high-quality audio equipment 
(microphones, amplifiers, loudspeakers) which were required for 
the subsequent development of radio broadcasts. In addition, they 
provided experience in wire transmission of high-quality music and 
speech (subsequently required for networking) and demonstrated 
that there was an enormous potential audience for the broadcast 
of important events. 

The first radio broadcast was probably that made by Lee de Forest 
in New York City in 1907. 53 Again, this was in the nature of a stunt 


53 His "fanmail" consisted of three notes from Brooklyn amateurs who heard the 
broadcast. 
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since commercial broadcasting could not become a reality until the 
postwar development of vacuum tube radiotelephone techniques. By 
1920-21 radiotelephone technology was becoming available in the 
relatively unused frequency range centered at about a megahertz 
and a sizable and growing audience existed in the radio amateurs 
spread through the country. Many of these operated only receiving 
stations and were highly receptive to an opportunity for using them 
for something other than listening to distant telegraph stations. More- 
over, they were anxious to demonstrate their technical skill to friends 
and neighbors when speech or music transmission provided an 
interesting opportunity. 

Broadcasting on an informal basis had occurred sporadically in 
the years after World War I but Frank Conrad, an employee of the 
Westinghouse Electric and Manufacturing Company in Pittsburgh, 
seems to have been the first individual to begin broadcasting on a 
continuing basis. He started transmitting speech and music in 1919 
from his amateur station 8XK located in his home. The Westing- 
house Company at this time had begun manufacturing radio re- 
ceivers for sale to amateurs and, seeing this as an opportunity for 
promoting sales, took over Conrad's broadcasting activities using a 
commercial station licensed with the call letters KDKA. This station 
inaugurated service on November 2, 1920, by broadcasting returns 
of the Harding- Cox presidential election. 54 This created a local 
sensation and soon amateurs all over the country were adapting 
their transmitters for speech and music broadcasts and commercial 
interests were not far behind in applying for licenses. At this time a 
license involved little more than the registration of a station with the 
Secretary of Commerce and could not be denied. The Commerce 
Department had set aside two frequencies (360 and 400 meters) for 
broadcasting, but these were obviously insufficient for the enormous 
growth in stations in the middle twenties and conditions soon became 
chaotic as broadcasters attempted to find a frequency free from local 
interference. This condition continued until the Radio Act of 1927 set up 
the Federal Radio Commission as a regulatory body and made a wide 
band of frequencies available for broadcasting. 

5.2 The Bell System Position Evolves 

Some involvement of the Bell System in broadcasting was certain 

54 Although KDKA is usually referred to as the first commercial broadcasting station, 
the National Association of Broadcasters gives this credit to a station operated by the 
Detroit News. This station, originally operated under an amateur license, later became 
WWJ. It began operation on a fairly regular basis some ten weeks before KDKA 
and included among its broadcasts election returns from the primary election of 
September 1920. 
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since its technical qualifications in this field were unique. Research in 
the field of acoustics and experience with public address systems had 
provided a background in the audio field that was unmatched. The 
early work on radiotelephony had provided basic vacuum tube 
circuitry and the Bell System's own strong patent position was en- 
hanced by the cross-licensing agreement reached in 1920. The ship- 
to-shore and Catalina experiments had provided experience in the 
frequency band open to broadcasting and as early as 1918 develop- 
ment had started on the high-power vacuum tubes which would be 
needed for metropolitan service. Finally, it became clear that wire 
connections would often be needed between studios or pickup points 
and the radio transmitters. The Bell System not only had the physical 
facilities available for this type of work over much of the country 
but also had experience in adapting the circuits for the high-fidelity 
transmission required for broadcasting. 

Thus, in the early 1920s it was clear that the Bell System was in a 
unique position for supplying either broadcasting systems or services. 
But the manner in which broadcasting would develop and the role to 
be played by Bell was far from clear. 

Westinghouse began broadcasting on the assumption that it would 
promote the sale of receivers manufactured by the company. The 
motivation of other early broadcasters was not always so certain. The 
newspapers undoubtedly saw radio as a logical extension of the news 
media which they could not ignore. Large department stores built 
stations as a form of "institutional" advertising that would publicize 
their name and enhance their image. 55 Soon broadcast stations were 
being built all over, many by people who had no clear idea as to their 
objectives. It should be remembered that at this time a capital invest- 
ment of as little as $10,000 to $15,000 would build a complete 
station. Many station owners ignored the fact that annual operating 
costs would be several times this amount and no one foresaw the 
ultimately enormous cost of programming with paid performers. 

The Bell System could enter the broadcasting field either as a manu- 
facturer supplying equipment or directly as a station operator. Neither 
field was entirely satisfactory. There was, as noted, a great demand 
for transmitters and for the moment the equipment field looked 
very attractive but, with only one or two wavelengths available, it 
was apparent that either the market would soon be limited or the 
interference from hundreds of stations would be so intolerable that 
each would have to be limited to short, preassigned broadcast periods. 
This same factor also made the direct entry into broadcasting unattrac- 

55 It is interesting to note that the John Wanamaker organization, an early broad- 
caster, had for a long time featured daily organ concerts and similar public entertainment 
in their stores which logically led into similar radio broadcasts. 
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tive since it was apparent that even the modest costs of that time could 
not be supported with only short periods of use. 

It was decided to enter the equipment manufacturing field with some 
caution and to explore ways for providing broadcast service which 
would meet current needs and have a possibility of being economi- 
cally sound. The development of equipment will be covered later. At 
this point we need only point out that the first station, a 500-watt 
transmitter, was sold to the Detroit News and put into service in January 
1922. By April 1922 sixteen stations had been manufactured and 
quotations were outstanding on some 50 more. 

In 1921 the outlook for providing broadcast service was far from 
attractive. Millions were anxious to listen, hundreds were setting up 
stations, but no one was sure how broadcasting could be supported 
economically or how the many stations could operate without in- 
tolerable mutual interference. In October 1921 an internal AT&TCo 
memorandum suggested a possible way to handle these problems by 
means of a wire network, with alternate routing to provide reliability, 
linking public address locations and radio stations in all parts of the 
country so that major events could be broadcast to a countrywide 
audience. By the end of 1921 this concept of a nationwide broadcasting 
service had developed further. The idea of public address broad- 
casting had been de-emphasized (but not completely dropped) in 
favor of more extensive radio broadcasting from 38 stations located 
strategically on main Bell System long-distance routes so as to essen- 
tially cover the country. The stations could be used individually for 
local programs or connected together through the wire plant for events 
of widespread interest. In early January 1922 these plans were refined 
and a decision made to build an initial station so that the basic con- 
cepts, both engineering and commercial, could be tested in practice. 

The unique commercial concept was that of “toll broadcasting" 
which can best be explained by a quotation from the public announce- 
ment of this service made February 11, 1922. After announcing 
that a new station, with some unique technical features, would be 
constructed in the long-distance building at 24 Walker Street, New 
York City, the announcement continued: 

It will be unique in another respect because it will be the first radio 
station for telephone broadcasting which will provide a means of distri- 
bution and will handle the distribution of news, music or other programs 
on a commercial basis for such people as contract for this service. 

The American Telephone and Telegraph Company will provide no 
program of its own, but provide the channel through which anyone 
with whom it makes a contract can send out their own programs. Just 
as the Company leases its long distance wire facilities for the use of 
newspapers, banks and other concerns, so it will lease its radio telephone 
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facilities and will not provide the matter which is sent out from this 
station. . . . 

This is a new undertaking in the commercial use of radio telephony 
and if there appears a real field for such service and it can be furnished 
sufficiently free from interference in the ether from other radio serv- 
ices, it will be followed as circumstances warrant by similar stations 
erected at important centers throughout the United States by the Ameri- 
can Telephone and Telegraph Company. As these additional stations 
are erected, they can be connected by the toll and long distance wires 
of the Bell System so that from any central point, the same news, 
music or other programs can be sent out simultaneously through all 
these stations by wire and wireless with the greatest possible economy 
and without interference. 

The new station, operating with the call WBAY, began operation 
on July 25, 1922, on a frequency of 830 kHz (360 meters) and sharing 
time with ten other stations in the New York area operating on the 
same frequency. 56 Service was offered to anyone wishing to broad- 
cast at the rate of $50 for a 15-minute period in the evening and $40 
for a similar afternoon period. It was a month before anyone en- 
gaged the facilities 57 and it soon became evident that "sustaining" 
programs would have to be provided in order to gain and hold the inter- 
est of the audience between commercial programs. This was contrary 
to the basic premise that the Company would not do programming but 
the alternative was to abandon the experiment. So started a whole new 
endeavor, namely, the development of program policies and means 
for implementing them. Soon this was to become a large part of the 
commercial development, leading to numerous innovations which are 
beyond the scope of this history. 58 

The technical performance of WBAY was disappointing owing to 
radiation problems at the Walker Street location, and on August 16 
operation was switched to a similar experimental station, with call 
letters WEAF, set up at the Western Electric Engineering Laboratory 
at 463 West Street. The performance was greatly improved and 
the station continued at this location until after WEAF was sold by the 


56 At this time, 360 meters was the only wavelength used for commercial broad- 
casting. An assignment of 400 meters (750 kHz) had been requested by the Company, 
but it was not until September that this wavelength was authorized for "Class B" stations 
such as WBAY and WEAF. 

57 The first commercial broadcast was by the Queensboro Corporation on the 
afternoon of August 28, 1922. It was discovered that prospective users were deterred by 
the low charges, believing they must be indicative of little value. Later the rates 
were increased to $100 for a 10-minute period in the evening and $50 for the afternoon. 
Another deterrent was the prohibition, placed by the Company, on "direct" advertising 
mentioning prices or describing packages. 

58 A very complete history of early Bell System broadcasting is given in Commercial 
Broadcasting Pioneer: The WEAF Experiment, by William P. Banning, published in 1946 
by the Harvard University Press. 
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Company in 1926. The studios were continued at the Walker Street 
building until new and larger quarters were made available at the 
AT&TCo headquarters building at 195 Broadway in April 1923. 

During the next few years the broadcasting pattern evolved. Many 
new types of programs were developed, including orchestras, glee 
clubs, musical shows, religious services, prize fights, baseball games, etc. 
A second Bell station, WCAP, was opened in Washington, D. C., 
on July 4, 1923, with a program transmitted from WEAF over wire 
lines. But well before this, network broadcasting began, the first ex- 
periment being on January 4, 1923, when WEAF and WNAC in 
Boston were interconnected by wire and broadcast the same program. 
Throughout the summer of 1923, WEAF and WMAF in Round Hill, 
Massachusetts, were regularly broadcasting the same program, and on 
June 7 a chain of four stations, WEAF in New York, KYW in Chicago, 
KDKA in Pittsburgh, and WGY in Schenectady, were joined by wire 
for a broadcast from New York. From this time on network broad- 
casting grew rapidly and within a few years networks connecting 20 or 
more stations became common. 

Technical changes also occurred. In May 1923, WEAF began 
broadcasting on 492 meters (610 kHz), a frequency which was used 
for many years. A crystal-controlled master oscillator was introduced 
in 1924 to reduce frequency modulation and improve fidelity in areas 
where multipath transmission caused signals of poor quality (as dis- 
cussed subsequently). Beginning early in 1924, steps were taken to in- 
crease power beyond the 500 watts of the initial installation. This 
was opposed by many city listeners who, using primitive sets with 
little selectivity, had difficulty in tuning out WEAF when listening to 
other stations. The move was applauded by those at a distance, particu- 
larly those in poor coverage areas. Opposition decreased as the problem 
became better understood and the value of highly selective receivers 
was recognized by the listener, but it was not until September 1925 
that the full transmitter power of 5 kW was used following small 
incremental increases during the preceding year and a half. 59 

By this time the WEAF experiment was drawing to a close, but 
before concluding this part of our narrative, the reader may be inter- 
ested in seeing some of the physical aspects of broadcasting at the 
time. Figure 5-42 shows the transmitter used when the AT&TCo 
station was opened in 1922 as WBAY. The equipment used by WEAF 
(Fig. 5-43) was essentially identical but it included additional experi- 
mental and control gear. The antennas were simple flat-tops with 
little directivity, WBAY's antenna being on the roof of 24 Walker 

59 Actually the first experimental broadcast at 5 kW was made on the last day of 1923 

but, as related above, it was some time before such power was approved for 
routine use. 











Fig. 5-42. WBAY's radio broadcasting transmitter, Fig- 5-43. Experimental station 2XB at 

1922, at the American Telephone and Telegraph Com- the West Street laboratory, which in 1922 

pany Long Lines Building, Walker Street, New York City. became WEAF. (Banning 1946, opp. p. 95) 

(Banning 1946, opp. p. 79) 
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Fig. 5-44. Miss Helen Hann, of the American Telephone and Telegraph Company Long 
Lines Department, was WEAF's first studio hostess and an announcer. (Banning 1946, 
opp. p. 110) 


Street and WEAF on the roof at 463 West Street. The studio. Fig. 
5-44, was looked upon as little more than an enlarged and upgraded 
telephone booth with facilities the sponsor could use for speech and 
simple musical programs (including a commercial phonograph). The 
move to 195 Broadway in 1923 provided a studio setup (Fig. 5-45) pro- 
phetic of the future . By 1924 the transmitter had grown to a large size (Fig . 
5-46) and the input equipment (Fig. 5-47) was growing in complexity. 

By 1925 a change in the Bell System position with regard to broad- 
casting became imperative. There were many contributing causes of 
which only a few can be mentioned briefly here. The patent position 
for some time had been troublesome. The agreements made in 1920 
preceded the advent of broadcasting and their interpretation in regard 
to this new form of communication was in dispute and would not 
easily be resolved so long as Bell continued to operate a broadcasting 
station. Bell was primarily interested in preserving its freedom to 
develop and manufacture tubes and equipment for telephone pur- 
poses, and was willing to make some compromise in the broadcast 
field. The reason for doing so is a curious one: the WEAF experi- 
ment had become, in a sense, too successful. 



Announcer’s microphone. 

Loud-speakers in the studios. 
Announcer’s control panel. 

Microphones in studios. 

Announcer’s loud-speaker. 

Signal lights. 

Do*r signal lights showing when studio 
was on the air. 

Special door knobs to prevent interrup- 
tion. 

Loud-speaker for reception room. 
Ventilation system. 

Curtains for acoustic effects. 
Sound-proof wall. 

Announcer’s telephone for communica- 
tion with engineers. 

Equipment panels. 

Loud-speaker for monitoring engineers. 


Fig. 5-45. Schematic diagram of WEAF studios at 195 Broadway, 1923. (Banning 1946, 
opp. p. 158) 







!):. r? 


*m. 




■VL^AZW-W:': ■ : ' ’ ' ■ ' r ' . 

■ -*.■ <* m 






mw 




iiWSji 


w* 




l «•*>*. JBSI 

feev, ,X'** „>-•• ,,:> ••:;.* $8^>m 

|w 






-it; - H-. u 

Pjjpwj jj* 


fraliftit 


4)3fl|$ : : 


#»P 




j mt .*# 


: : 

i ysBlf lr 

IMNfr 


ft 




\if: : .,im 


'SW'W 

sZwWi 

•W-Jf-v ^ •' S 




’l'^"i r \Vv' ,dv- • ■•>, 

fflff.. v . 

.*&«•'£, '..Viv.’aV-'. 


-Vw.vj.vJ4,.>.. ■!■ ■,',■. 


■ ... 

...i dTfnrr . 

ri:;^‘ 

Jfe 


isisiis 


BOPOH 

:|k 

‘>te'\ r - JwWp 


m 

km 

*f$S 

» si 


* ."U A I -P|WP» - , ppppi H y 

IT 


v* ‘i v M\''vvjw k A^v.y‘ 
> V * JrWW vv 


f" 


Vajw 




.. ; ' : f 


}» 




.'•»•« " ■'«•.-. >'i ; ' 'fi'f. v. 

• * 'i - ^ v ^ v? ^NVf ’ 

.iMWfeiP^. 

■* .'jp 


JW 






P/ 


V 



■••e^ ; i> • 




. v , , ' v i 'l v ( // 

r* ^ -'«> . , ^ ■ J 


■ .’***■ ■ • .-^ •''. -. 

• *’'• A 



V 


'*§? ■ y^-- - v ' ' • 

» 


■'■ mm 

Vrg'; 

-i 


. */’ : •' ‘=^5 

fe - - * ; v j ' :, ( *: 

■‘ ‘ ' - H'*? • 






f 

I 

f ? '' V # 

, ,~- . * JV -Cy‘ 

Vlwl*' * k " c ■; »• »l, Mug: . -.• 

*•’’ '-*■. - >■•'""•• » fsg! •» j- 


r ** ; v i 



f - 

f: -V' 

v.v .v.-%.'».>^ . i 


;^'.- >? ]: ^ rw -S> •■' 




* 


[?• 


•»&( 




- V. * 






««f 

1 ,' ^ w*?t |fe* .' 5fr; . ’ \:.'* ^ 






il 

wm^* 

wfivMV 






iia 




Fig. 5-46. The world's first 5-kilowatt broadcast transmitter, put in service by WEAF on the eve of January 1, 1924. In June 1924, crystal 
control was added, making it the first broadcast transmitter with this feature. (Banning 1946, opp. p. 191) 
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Fig. 5-47. WEAF's speech-input equipment at American Telephone and Telegraph 
Company Headquarters, 195 Broadway, New York City, 1924. (Banning 1946, opp. p. 190) 
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The original intent of the toll broadcasting proposal was, it will 
be remembered, to provide a service which could be used by commercial 
users to reach audiences in all parts of the country without going 
to the expense of establishing individual stations for each user. In 
this, the experiment was highly successful. 60 Regularly scheduled net- 
work programs identified with commercial sponsors had become 
commonplace and an accepted part of the lives of millions of listeners. 
Programs which initially had been simple announcements and largely 
amateur musical performances had grown to the point where the 
Atwater-Kent program, inaugurated in October 1925, brought to 
the listeners of 11 stations performances by the world's most eminent 
musicians at an annual cost of over $100,000. Not only had the opera- 
tion achieved a considerable degree of artistic success but by 1925 
it was also a commercial success, the operating profit for that year 
being about $150,000 compared to losses of over $100,000 in each 
of the preceding two years. But this success was achieved only by 
assuming responsibilities not contemplated when the experiment 
was initiated and remote from the normal Bell System functions. As 
noted earlier, a large and receptive audience could be assured only 
by operating many hours of the day when commercial sponsors were 
not available. This could be done only by providing station- or net- 
work-sponsored "sustaining" programs. This in turn led to assistance 
in programming for others and ultimately to setting up an artists' 
bureau through which performers who had achieved popularity by 
radio could be engaged for non- radio events. It was evident that 
radio was not only a communication enterprise but was also largely 
an entertainment business. What is more, it did not seem possible 
to separate this part of the business from the commercial operation of 
a radio station, and Bell management began to question the appropriate- 
ness of their continuing the entertainment aspects of the project. 

While success of sponsored network broadcasting was being dem- 
onstrated by WEAF, stations being operated by individuals found 
expenses rising and began to question the benefits accruing. It was 
apparent to many that sponsored network broadcasting, as developed 
during the WEAF experiment, was the answer to achieving economic 
viability. It was with this background that negotiations were begun to 
settle the patent situation and resolve the future of broadcasting in 
the Bell System. The upshot was a decision to sell broadcasting station 
WEAF but to remain in the business of furnishing wire communica- 
tion between stations and between stations and remote studios or pickup 

60 This may be disputed by modern listeners, jaded by years of commercial listening, 
but the unbiased historian judging the situation in the light of the time will probably 
agree as to the quality of much of the WEAF programming and the restraint exercised 
in commercial announcements. 
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points. Thus Bell would provide the physical facilities for networking 
and continue the strictly communication business but retire from sta- 
tion operation and the associated entertainment business. This 
division of effort not only resolved the business conflict but also 
removed most of the disputatious points in the patent situation so 
that an agreement protecting Bell interests could easily be reached. 

The sale of WEAF to the Radio Corporation of America was 
announced on July 22, 1926, and in October this company formally 
transferred the station to the newly formed National Broadcasting 
Company (NBC). The studios continued at 195 Broadway until 
August 1927 when they moved to the uptown headquarters of NBC. 

5.3 Technical Developments 

The technology of broadcasting developed in parallel with and in 
support of the commercial evolution just recounted. In the Bell 
System these developments followed three main paths: 

(/) Provision of audio input and output equipment, together with 
means for transmitting audio program material by wire lines 
( ii ) Production of radio broadcasting transmitters and associated gear 
(iii) Investigation of solution of wave propagation problems char- 
acteristic of the broadcast frequencies. 

The development of audio equipment and program transmission 
systems had begun earlier under the stimulus of public address broad- 
casting but achieved technical maturity only as the concept of network 
radio broadcasting evolved. This work has been covered fully in the 
preceding chapter on wire transmission and needs no further exposi- 
tion here. The present portion of the broadcast history will therefore 
be devoted to the solution of the technical problems uniquely con- 
cerned with radio equipment and propagation. 

5.3.1 Radio Broadcast Equipment 

At the time when experimental broadcasting was undertaken by 
Frank Conrad in Pittsburgh and by the Detroit News, the Bell System 
had built relatively high-power stations, operating in the 1-MHz 
band, for experimental ship-to-shore and point-to-point communica- 
tion. The further development of this equipment to meet the re- 
quirements for broadcasting (i.e., for a wider audio band and wider 
volume range) was a logical step and was undertaken in 1920 with 
testing being done by experimental station 2XB at the West Street 
laboratory. There were many favorable comments on the high technical 
quality of this station, leading to the first sale of transmitting equip- 
ment, rated at 500 watts, to the Detroit News station WBL (later WWJ) 
which went into service in January 1922. Very similar equipment 
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Fig. 5-48. Western Electric Company 250-watt and 50-watt tubes. (From WECo 
Bulletin T-670) 


was used by WBAY and WEAF, the Bell System stations, when they 
began operation in mid-1922. 

In May 1923 a Western Electric Company bulletin announced the 
availability of two standardized broadcast equipments, the 101A 61 
rated at 500 watts and the 102A with a 100-watt rating. In 1924 a 50- 
watt equipment designated Type 103 was added to the line to fill the 
need of stations with very small coverage area. All of these were 
basically similar, using glass-envelope, air-cooled tubes of the 212 
and 211 type (rated respectively at 250 and 50 watts) in the high- 
power stages. Both of these tubes, shown in Fig. 5-48, used long-life 
Wehnelt-type oxide-coated filaments operating at a dull red heat. The 

61 Later, basically similar equipments used the same code number but different letter 
suffixes. The 101B was one of the most commonly used early systems. 
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manufacturing dates of these early systems and information on the 
high-power tube complement are shown below: 


System 

Code 

Transmitter 

Code 

Power 

Rating 

Mfg. 

Date* 

High-Power 
Tube Complement 

101A 

1A 

500 watts 

1-10-23 

< 

[ Four Type 212 
One Type 211 

102A 

2A 

100 watts 

6-10-23 


Five Type 211 

103A 

3C 

50 watts 

5-20-24 


Two Type 211 


* Dates on which final manufacturing information was given to the manufacturing 
organization by the development engineer. Manufacture is often begun well before this 
date on the basis of preliminary information. 

All three systems used the so-called “constant current" modulating 
scheme devised by Heising. In this scheme, also called “plate current" 
modulation, the audio signals are amplified to a high power level 
and superposed on the direct voltage impressed on the plate of the 
oscillator tube. This type of modulation proved practical and simple 
to apply. It had been used in the military applications of World War I 
and the ship-to-shore experiments and was widely applied in early 
broadcasting. Later, more sophisticated schemes were employed 
using low-level modulation with linear amplification to the desired 
output power. The initial 101- and 102-type systems were designed 
to operate at frequencies between 500 and 1,000 kHz but later sys- 
tems had their range extended to 1,500 kHz. 

A unique feature of these equipments was that they were offered as 
complete systems incorporating essentially all the components needed 
for a broadcast station except the prime power, antenna, and building. 
Figure 5-49, from the bulletin covering the 103C system, illustrates the 
completeness of the equipment package. In all of these systems a radio 
receiver was an essential part of the package since government regula- 
tions required monitoring at intervals to determine if distress signals 
were being sent (in which case broadcasting had to be discontinued) or 
if there were indications that broadcasting was interfering with other 
radio communication. 

Typical broadcasting equipment of this early period is shown in Fig. 
5-42 (radio transmitter and power board). Fig. 5-50 (radio receiver), and 
Fig. 5-51 (microphone). The last figure shows the commonly used 
carbon-type transmitter consisting of a tightly stretched diaphragm with 
two carbon buttons, one on each side of the diaphragm, used in a push- 
pull arrangement which greatly eliminated production of even-order 
harmonics. For the very highest quality audio reproduction a condenser 
(capacitor) transmitter was available, but since it required a very quiet 
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Fig. 5-50. No. 2C radio receiver. (From WECo Bui- Fig. 5-51. Carbon mi- 
letin T-670) crophone. (From WECo 

Bulletin T-670) 


multistage battery-operated amplifier, in close proximity to the micro- 
phone, this device originally was suitable only for studio use. An early 
form of this equipment is shown in Fig. 5-52. Somewhat later, more 
compact and rugged condenser-transmitter equipment was developed, 
as related in Section 8.4.1 of Chapter 3. 

Even with the carbon transmitter, the frequency response of this early 
broadcasting equipment was quite good as shown by Fig. 5-53 which 
applies for the 101B system of 1923. 

Growth in broadcasting systems manufactured by Western Electric 
was rapid in the early years, averaging about 30 per year. Most of these 
were of 500-watt rating or less, but a few towards the end of 1925 were of 
higher power. 

The need for higher power to provide adequate coverage of large metro- 
politan areas was recognized at an early date and a 5-kW transmitter was 
installed at WEAF in late 1923 and used for the first time on the last day of 
that year (see Fig. 5-46) . The high power output was achieved by adding a 
5-kW amplifier, using water-cooled tubes, to the existing 500- watt Type 1 
transmitter. This combination of the 500- watt transmitter as a driver for 
a 5-kW output amplifier was later coded as the Type 4 transmitter and 
used in the 104 system by a number of stations. 

At WEAF another important advance was made with the addition of a 
crystal-controlled oscillator to stabilize the carrier frequency, a “bread- 
board" installation being made on a trial basis in June 1924. In 1925 a 
more permanent arrangement was installed and WEAF remained under 
crystal control thereafter. This feature was not made a standard part of the 
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Fig. 5-52. Condenser-transmitter equipment. (Nelson 1924, Fig. 2) 


FREQUENCY 

Fig. 5-53. Frequency response characteristic with carbon transmitter. (Redrawn from 
Nelson 1924, Fig. 13) 
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104 system since this system was only an interim step toward a new series 
of high-power systems, all using water-cooled tubes, which were intro- 
duced in the late twenties, as indicated below: 


System 

Code* 

Transmitter 

Code 

Power 

Rating 

Mfg. 

Date 

Water-Cooled Tubes in 
Final Amplifier Stage 

105B 

5C 

5 kW 

6-28 

Two Type 220 (10 kW)+ 

106B 

6B 

1 kW 

10-28 

One Type 228 (4 kW) 

107A 

7 A 

50 kW 

6-28 

Six Type 232 (40 kW) 


* These are the codes of the earliest "second generation" systems described in the 
text. In a few cases the same code numbers had been used earlier, with other letter 
designations, for interim systems. 

+ These are the peak power ratings of individual tubes. 

The No. 5 type transmitter is illustrated in Figs. 5-54 and 5-55 and its 
circuitry is shown schematically in Fig. 5-56. The other transmitters in 
the series used the same unit type of construction but employed different 
numbers of bays. The small, 1-kW Type 6B transmitter is illustrated in 
Fig. 5-57 and the 50-kW Type 7 A in Fig. 5-58. The latter is shown in the 
Whippany, New Jersey laboratory where it was developed . In addition to 
the ten bays of equipment shown in the figure, a 5-bay structure, at the 
base of the antenna, was required for coupling and tuning. 

These were truly "second generation" systems differing from the early 
systems in many ways besides physical size and high output power. 
Major performance changes were: greatly improved frequency response, 
reduction in audio- and radio-frequency harmonic distortion, and im- 
proved precision and stability of carrier frequency. The improved fre- 
quency response and reduction in audio-frequency harmonic production 
was needed to take advantage of the growing improvement in the fidelity 
of receivers and loudspeakers available to the public. Radio-frequency 
harmonics had to be kept low in order to minimize interference with 
other stations operating at frequencies which were an integral multiple of 
that used by the radiating station. Precise carrier frequency was necessary 
to avoid unpleasant "beat frequency" interference from other stations at 
a distance operating on the same nominal frequency. By reducing this 
type of interference it became possible to reduce the spacing between 
stations on the same frequency and hence achieve a better utilization of 
the available frequency band. By improving carrier stability (i.e., reduc- 
ing short-term variations in frequency) the distortion resulting from fre- 
quency modulation, discussed in Section 5.3.2, was greatly reduced. 

Two major design changes were introduced in achieving these im- 
provements, low-level modulation and crystal control of frequency. 
Low-level modulation, it will be remembered, was the technique used 
for transatlantic telephony. It was technically more difficult to implement 
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No. 5C radio transmitter — front view 


Fig. 5-54 
(From WECo Bulletin 410) 


Fig. 5-55. No. 5C radio transmitter — rear view of 
panel units. (From WECo Bulletin 410) 
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with careful design, gave an audio output with harmonic content of less 
than 5 percent and carrier-frequency harmonics of about 0.03 percent. 

Frequency control, using an oven-mounted quartz crystal, achieved a 
highh* stable carrier practically free from short-term frequency’ modula- 
tion and having a long-term stability with ±30 hertz, well over an order of 
magnitude better than the then-current legal requirement of ± 500 hertz . 

Improved frequency response was achieved by’ careful control of audio 
components, particularly those in the input and coupling circuits. But 
this control was greatly’ facilitated by’ the use of low-level modulation 
which avoided the necessity for building very high power audio ampli- 
fiers with flat response at low frequencies. The net result of these measures 
was a frequency response flat within ±1 dB from 30 hertz to 10 kHz. 

Some years later, and well beyond the time frame of this chapter in our 
history’, a new form of linear amplifier developed by W. H. Doherty’ had a 
lasting effect on broadcast transmitter design. The Doherty’ amplifier, by 
using a unique method for adapting load impedance to fit the momentary’ 
output requirement, essentially doubled the operating efficiency with 
consequent large savings in power consumption, an important part of 
the operating expense of a high- power broadcast station.'- The Doherty’ 
amplifier was first applied commercially in the transmitter built for 
s:ancr. '.'.'HAS Louisville. Kentucky’. This station, built in 1935, had 
an installed power rating of 50 kW but was designed to drive a 50 0 -kW 
amplifier and permit this expansion with minimum expense. The basic 
amplifier principle received wide application after this time. 

Western Electric continued the manufacture of radio transmitters until 
1948 at which time it was decided to concentrate Western Electric produc- 
tion facilities on meeting the heavy postwar demand for telephones. 

5.3.2 Radiation and Propagation Problems 

As we have noted, station WBAY with antenna atop the 24-story 
Walker Street building was not a technical success and within a month 
operation was transferred to a much lower antenna on the roof of the 
Western Electric building at 463 West Street. Here , considerably’ improved 
performance was achieved with an identical transmitter. This station, 
operating as WEAF, continued in successful operation for many 7 y’ears. 

One of the problems with WBAY was a much lower signal than an- 
ticipated from the amount of power delivered to the antenna. The reason 
vas tnat tb.e stee. frame of the Walker Street building provided an elec- 
trical structure which, unfortunately and quite by’ chance, resonated at 
the frequency used for broadcasting. Thus, much of the energy delivered 

The power saving on a 50-kW station amounted to about $6,000 per year. 
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to the antenna was absorbed by the building framework instead of being 
radiated into space. A substantial change in frequency would have 
solved this problem but this was not practical and the change to West 
Street was made since earlier experience had shown adequate radiation 
from its antenna. 63 

Another problem, emphasized by the poor radiation of WBAY, was 
the existence of very uneven propagation, with areas of low field strength 
within a few miles of the transmitter. Very soon it also became apparent 
that certain areas were marred by fading and sometimes by signal dis- 
tortion even though these locations were no more distant from the trans- 
mitter than others entirely free from such transmission defects. These 
situations were not fundamentally improved by the shift in station loca- 
tion but the improved radiation and subsequent increases in power 
made the signal impairment more tolerable. 

It was apparent that many defects in the received audio signal were not 
directly due to the equipment but resulted from signal impairment during 
transit through space. In these cases a better understanding and utiliza- 
tion of the transmission medium offered the only path to improvement. 

Some of the deficiencies in the transmission medium were not un- 
expected by radio engineers since the propagation of radio waves at the 
broadcast frequencies was known to be affected by the electrical con- 
stants of the ground over which they passed and by obstructions such as 
hills or man-made structures which could attenuate waves and cast 
"shadows" behind them. There was, however, no theoretical basis for 
quantitatively evaluating the combined effects of these factors, and their 
magnitude and certain side effects were surprising. 

Obviously, the first step toward a better understanding lay in an ex- 
perimental program to determine the magnitude (field strength) and 
quality of the signal as a function of geographical location. Fortunately, 
the quantitative measurement of signal strength had been recognized 
long before as an essential part of developing the radio medium and 
suitable measuring techniques were available when needed. 

Early in 1923, field strength measurements were made in the New York 
suburban area of signals from the West Street and Walker Street stations 
and also from a proposed site on the New York Municipal Building. This 
last, very tall, building proved to be an even poorer site than Walker 
Street. All locations showed heavy shadow areas to the northeast, the 


63 The WBAY location had been selected since previous experience had shown it 
desirable to use the highest antenna site available. The Walker Street building seemed 
ideal since it towered far above anything nearby. Unfortunately, the height of the building 
was close to one-quarter of the wavelengths then available for broadcasting (360 and 
400 meters), about the worst possible height that could be used. Subsequent measure- 
ments showed large improvements possible with a change in wavelength (something 
over 20 dB for doubling) but such changes were not possible at the time and the only solu- 
tion available was the use of a building considerably under one-quarter-wavelength high. 
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southeast, and the south due to the cluster of large steel buildings in the 
Grand Central and Wall Street areas. Later measurements around 
Washington, D.C., showed a much more uniform distribution around 
this city free from tall steel-frame buildings and also provided a measure 
of the shadows cast by the 1,000- to 2,000-foot mountains to the north- 
west. In 1925 a much more detailed survey was made of both areas. From 
these measurements it was possible to draw contour maps showing 
typical field strengths to be expected throughout the coverage areas as 
shown in Figs. 5-59 and 5-60. 64 After this work a field strength survey 
was recognized as a necessary preliminary to locating a broadcast station 
except in areas of highly uniform terrain. 

In the surveys around New York it was found that the shadows cast by 
the buildings were limited in extent. At distances well beyond the 
shadowing structures, energy tended to be fed into the shadow zone 
from the sides and from above and on the average the field strength 
tended to return toward the amount expected for the distance from the 
transmitter. It was soon found, however, that this recovery in trans- 
mission was not entirely beneficial. The fine-grain exploration of field 
strength made in 1925 65 showed areas with the highly variable field 
strength contours, illustrated by Fig. 5-61, which are characteristic of 
wave interference. These contours, which showed wide field strength 
differences between points only short distances apart, were quite repro- 
ducible during the daytime. It seemed likely, therefore, that energy 
bypassing the Grand Central area and traveling up the Hudson Valley 
and Long Island Sound fed into the shadow zone in the Westchester area 
to the north of the city. These waves tended to reinforce or cancel each 
other, depending on the relative distance traveled. The fact that the 
patterns were stable suggested that the paths followed by the waves were 
determined by fixed features of the terrain. 

At night, however, the situation was quite different. In the shadow 
zones, fading was extremely bad, even at short distances which normally 
would have reasonably stable transmission. What is more, it was found 
that fading was selective (i.e., frequency sensitive). Within the narrow 
limits of the audio band the field strength was highly variable both with 
frequency and with time; narrow bands of frequency would show near 
cancellation and these bands would shift about in the audio band, giving 
rise to a highly unpleasant distortion of the program. It was apparent that 
propagation at night, particularly in the shadow zones, was a highly 
complex matter with waves following several paths which differed 

64 As noted later, there was often a fine-grain variation superimposed on these 
“average" curves. 

65 In this survey (which appears never to have been completely published), measure- 
ments were made, so far as geographical features permitted, at 1-mile intervals around 
concentric circles centered on the transmitter. The radii of the circles increased in steps 
of 5 miles. 
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greatly in distance. Some waves undoubtedly traveled close to the earth 
but others must have followed a longer path reaching higher altitudes 
before returning to the point of reception. This longer path was probably 
constantly changing in length, thus accounting in part for the selective 
fading. Another contributor to selective fading was frequency instability 
of the transmitter. The carrier frequency tended to vary from instant to 
instant. There were rather large, slow drifts in carrier frequency and also 
extremely fast variations occurring within the carrier cycle. This latter 
effect was a form of frequency modulation superimposed on the 
amplitude-modulated signal. The net effect was a constantly changing 
wavelength which acted very much the same as a change in path length. 
As soon as this was appreciated, crystal control of frequency was added 
to WEAF with significant reduction in distortion in the shadow areas. 

The very fundamental investigation of propagation, just discussed, 
was carried out in a very short time period. The first hint that radio was 
not the perfect transmission medium presumed by early experimenters 
was obtained in the early 1920s and more particularly about 1922. By late 
1925 the Bell System had built highly sensitive and precise measuring 
gear and had made thousands of measurements which formed the basis 
for two milestone papers on transmission in the broadcast band. 66 

As a result of this work, it was apparent that broadcast transmission 
was greatly affected by terrain features. In a broad way these effects of 
terrain were predictable on theoretical grounds, but accurate, fine-grain 
predictions of performance required empirical data. (This is still pretty 
much true today.) To some extent the problems of radiation and propaga- 
tion could be avoided or ameliorated by appropriate antenna siting. • 
However, even with the most favorable location some problems con- 
tinued to exist in physically complex areas. In such problem areas the 
distortion due to selective fading was greatly reduced by the introduction 
of precise frequency control but the final solution (so far as one exists) 
was the radiation of an adequate amount of power to give a field strength 
well above the existing noise level together with the use of receivers 
having adequate selectivity. 

VI. THE ART OF MEASUREMENT 

Measurements have always played an important part in science and its 
applications. They provide the means for confirming a hypothesis and 
also, when adequate theory has become available, they provide the 
primary data on which estimates of performance are based. In addition, 

66 "Some Studies in Radio Broadcast Transmission," by Ralph Bown, DeLoss K. Martin, 
and Ralph K. Potter, presented before the Institute of Radio Engineers, New York, 
November 4, 1925. Also published in Bell System Technical Journal, Vol. 5, No. 1 
(January 1926). "Radio Broadcast Coverage of City Areas," by Lloyd Espenschied, Bell 
System Technical Journal, Vol. 6, No. 1 (January 1927). 
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Fig. 5-59. Radio field strength contour map of New York metropolitan area (field 
strengths in millivolts per meter). (Bown and Gillett 1924, Fig. 8) 

Fig. 5-60. Radio field strength contour map of Washington, D.C. and vicinity (field 
strengths in millivolts per meter). (Bown and Gillett 1924, Fig. 9) 

Fig. 5-61. Radio contour map showing wave interference pattern to the north of New 
York City. (Bown et al. 1926, Fig. 1) 
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in the area of application, they provide a means for monitoring perform- 
ance to assure the maintenance of adequate service. In radio communica- 
tion, measurements play an additional role in providing information on 
propagation needed for designing adequate radio circuits. 

The need for empirical data on propagation is particularly necessary in 
radio because of the highly variable nature of the medium. This was also 
the case in the early days of wire transmission when the somewhat un- 
stable open wire line was the principal transmission facility employed. 
With this medium, information on attenuation, noise pickup, and cross- 
talk had to be obtained largely by empirical means, but as the more stable 
cable medium was developed, and the theory underlying its performance 
became understood, performance could be accurately predicted from 
relatively simple measurements covering the primary constants of the 
line. In the case of radio, on the other hand, the prediction of performance 
in sufficient detail for economical engineering is often not possible on 
strictly theoretical grounds because of the extreme complexity of the 
medium. As we have noted, performance varies greatly with the fre- 
quency employed and even when satisfactory information has been 
derived for one frequency region, it has not been possible to extrapolate 
performance to adjacent regions since the mechanism of propagation 
may be quite different. Even when the mechanism is well understood, 
the theory developed to quantify it is usually adequate only for "average” 
or "typical" situations, and the large and often rapid departures from 
such conditions require a statistical description of performance which is 
only partly predictable by theoretical means. Thus, measurement of per- 
formance has played an important part not only in understanding the 
mechanism of propagation but also in providing statistical expressions 
of performance needed for designing radio circuits which will meet over- 
all requirements in an economical manner. This need was particularly 
great at the time that the extremely complex high-frequency band was 
being developed for overseas communication but the need still exists 
today when the line-of-sight, microwave portion of the spectrum is the 
principal medium for radiotelephone communication. 

The importance of measurements in the application of radio was recog- 
nized by the Bell System at an early date. As each frequency region was 
developed for use. Bell engineers played a leading role both in develop- 
ing accurate measuring equipment and in using it to explore the propa- 
gation mechanism and performance. Some of this work has been touched 
on in previous sections but its importance warrants further coverage. 

6.1 Developing Measuring Gear 

Almost from the beginning, radio engineers recognized the need for 
quantitative measurement of the strength of the received signal and 
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noise, but until the early 1920s adequate experimental tools were lacking. 
In the very early days of radio this lack did not greatly handicap applica- 
tion since performance of radio systems was largely limited by available 
technology. Systems could not be designed to meet specific performance 
requirements; instead they were built to utilize the best available equip- 
ment and the performance was defined after the fact by subjective 
judgments based on listening tests. The war years, with the intense 
pressure on practical results, made this the only feasible approach. As 
communication became less limited by technology and as commercial 
application brought cost factors to the fore, the need for economical 
design to meet a specified performance became possible and desirable. 
Fortunately the technological advances that brought about this change 
also made possible the development of suitable measuring gear. 

The basic problem was to determine the most economical distribution 
of the gains and losses in a radio circuit among the various elements of the 
circuit, namely, the transmitting terminal (and its antenna), the receiv- 
ing terminal (and its antenna), and the radio path between the terminals. 
The key to this problem was a means for measuring on an absolute 
basis (microvolts per meter) the strength of field from radio signal and 
noise. The development of equipment for making such measurements 
was begun in the Bell System by Englund and Friis about 1920, the work 
being carried out mostly at the Cliffwood, New Jersey, laboratory. 

The basic technique for field strength measurement is simple in theory 
since it only requires the measurement of received current in an antenna 
of known constants. In some cases an ordinary open "flat top" antenna 
had been used. This made current measurements easy because of the 
relatively large amount of power collected by these large antennas but 
Englund and Friis felt that current measurements at low levels could be 
accomplished readily with electron tube techniques and they chose the 
relatively less efficient loop antenna because it was stable and portable 
and could be easily and accurately calibrated. This decision contributed 
largely to the success of their work. The measurement techniques were 
initially developed for long waves (first at 23.5 kHz and later at 57 kHz) 
but were soon extended into the higher frequencies. 

The measurement of antenna current was based on the substitution 
scheme illustrated in Fig. 5-62. A known resistance, R, connected to the 
input of a radio receiver was inserted in series with a loop antenna 
(connections x, x) and the receiver tuned to the desired signal and ad- 
justed for a convenient output level. The current in R, producing this 
signal, was then determined by disabling the distant (unknown) signal 
and adjusting a local oscillator connected to R (connection y, y) until it 
produced a signal equal to the unknown both in frequency and magni- 
tude. The field strength of the unknown could then be calculated from a 
knowledge of the loop characteristics and the amount of current flowing 
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Fig. 5-62. Basic scheme for measurement of field strength. 


in the resistance from the local oscillator. The loop current was very small 
and its accurate determination presented one of the major problems of 
field strength measurement. This was solved by adjusting the local- 
oscillator output to a fixed amount at a level high enough to measure with 
a thermocouple, after which the tone was passed through an adjustable, 
calibrated artificial line to achieve a comparison signal equal in magni- 
tude to the unknown. Obviously the success of this method depended 
not only on an accurately calibrated artificial line 67 but also on assurance 
that all the current from the oscillator passed through this line and none 
was introduced into the calibrating resistance by crosstalk paths bypass- 
ing the line. 

Equality of the unknown and comparison signals was initially deter- 
mined by listening tests using a telephone headset fed by the final 
detector but later a meter in the detector plate circuit was used. At first 
the radio receiver was of the single-detection, tuned-radio-frequency 
type, but it was soon replaced by the superheterodyne which provided 
much more sensitivity and discrimination against unwanted signals. 

67 The production of an accurate artificial line usable over a considerable range of 
radio frequencies was a challenging problem since at these frequencies even minute 
inductances and capacitances associated with the components of the line (or their wiring) 
were significant. 
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All sets were battery operated, usually with separate supplies for the 
oscillator and the receiver. 

In the transatlantic and similar tests, where the transmitter was under 
control of the experimenter, the comparison of known and unknown 
signals was accomplished rather easily by having the transmitter send 
alternate dashes and spaces. The known signal was then introduced 
during the spaces and adjusted to equal magnitude. 

As the measuring range was extended to higher frequencies, the 
measurement problem became more difficult (particularly for weak 
signals) since it was difficult to prevent some of the local-oscillator 
current from entering the loop through crosstalk paths and thus intro- 
ducing an error by bypassing the calibrating device. In the first broad- 
cast measuring set this problem was solved by disconnecting the loop 
from the calibrating resistance, R, during the adjustment of the compari- 
son tone from the local oscillator. This was satisfactory for laboratory 
measurements since the loop characteristics would remain constant for 
very long periods. In field measurements, however, the technique was 
less satisfactory since weather conditions affected the loop resistance. 
These resistance changes affected the current from the desired signal but 
not the comparison signal and thus introduced errors unless the loop 
constants were frequently determined by a rather inconvenient and 
time-consuming process. The problem was solved by building a very 
carefully shielded local-oscillator circuit to assure that all current was 
introduced in the loop through the calibrating circuit with negligible 
pickup through stray fields. With this well-shielded oscillator, the loop 
could remain connected during adjustment of the comparison tone and 
any change in loop resistance affected the unknown and comparison 
signals equally. Another minor problem in the measurement of broad- 
cast fields was that the carrier was no longer under control of the experi- 
menter but radiated continuously. With a loop antenna it proved easy to 
reduce the distant signal, while adjusting the comparison tone, by turn- 
ing the loop to its null position at right angles to the position of maximum 
response used for measurement. 

As might be expected, there is a considerable similarity in the appear- 
ance of the various field strength measuring sets developed in the 1920s. 
One of the earliest long-wave equipments is shown in Fig. 5-63. The sets 
for the shorter wavelengths were smaller and those used for broadcast 
surveys were made more suitable for transporting in motor vehicles. 
One of these, a second-generation equipment which became available 
about 1925, is shown in Fig. 5-64. In this figure, the superheterodyne 
receiver is at the top and the measuring equipment at the bottom, the 
variable artificial line for introducing known currents in the loop being at 
the left and the oscillator at the right. The latter is in a double-shielded 
compartment, with the outer shield enclosing all high-level equipment 
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Fig. 5-63. Long- wave field strength measuring set showing shielding of local signal 
input system. (Bown et al. 1923, Fig. 3) 


Fig. 5-64. Portable field strength measuring set of 1925. (Jensen 1926, Fig. 3) 











Radio Transmission 


459 


during measurement. Access to the calibrating meter and frequency 
control was by means of a round port which is shown in the figure with 
its cover removed. This equipment is also shown in Fig. 5-65 mounted on 
a Ford roadster as used in the 1925 broadcast survey. 

In addition to these early field strength measuring sets, arrangements 
were developed for recording signals over long periods of time and for 
other special applications. Other types of measuring equipment were 
also developed as they became necessary, such as vacuum tube volt- 
meters, oscilloscopes, and frequency measuring and monitoring gear. 
Some of this equipment is described elsewhere in this history (Chapter 
4, Section 5.1.4) and had an important impact on the development of 
electronics. But important as these devices were, they are perhaps of 
less interest historically than the development and application of field 
strength equipment since the latter so clearly marked the end of the prag- 
matic approach to radio communication and the beginning of economical 
engineering design to meet preselected standards of performance. 

6.2 Measurement Programs 

Most of the early measurement programs have been mentioned in 
previous sections of this chapter which point out the part they played in 


Fig. 5-65. Portable equipment mounted on a Ford roadster as used in 1925 broadcast 
survey. (Gillett, Proc. IRE, 1926, Fig. 2) 
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the specific developments covered. Accordingly, only a brief summary 
of this work will be given here. 

The first comprehensive Bell System program covering the propagation 
of radio waves as affected by time and distance was carried out in connec- 
tion with the ship-to-shore experiments described in Section 4.2.1. Much 
of the early work consisted of net loss measurements made by using a 
1,000-hertz tone of known magnitude to modulate the transmitter. In so 
far as the gain of the transmitter and receiver remained constant, the 
1,000-hertz tone at the receiver output gave a measure of the net loss; 
its variation with time and distance gave an indication of the variation in 
the propagation path. By July 1921 the development of field strength meas- 
uring equipment had advanced to the point where absolute measure- 
ments of field could be made. Some of the first data of this type, obtained 
during a southbound trip of S.S. Gloucester, are shown on Fig. 5-66. 
In this figure the dashed curve represents the prediction of the Austin- 
Cohen formula. The experimental results to the northeast, which in- 
volved a path largely over water, are in good agreement, but the path to 
the south, which skirted the shore, shows greater loss and indicates the 
greater absorption of such paths. In early 1922, field strength measure- 
ments were made over long distances as the signal from S.S. America was 
measured during its crossing of the Atlantic. The results, shown on Fig. 
5-67, show clearly the very large difference between the day and night 

TRANSMISSION TEST 



Fig. 5-66. Some of the first data obtained during a south-bound trip of S.S. Gloucester. 
(Nichols and Espenschied 1923, Fig. 18) 
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Distance to S.S.Amcrica 


Fig. 5-67. Results of field strength measurements made of signal from S.S. America 
during its crossing of the Atlantic in 1922. (Nichols and Espenschied 1923, Fig. 20) 

transmission at long distances with daytime results in good agreement 
with the Austin - Cohen formula and the nighttime data showing a highly 
variable signal with a field at times close to the prediction of the inverse- 
square law. These early tests had a profound effect on the radio engineers' 
views concerning radio propagation and demonstrated the great need for 
comprehensive surveys of radio propagation and noise measurement 
prior to establishing commercial radio systems. 

Surveys of the transatlantic path at the low frequencies were begun in 
1922 and those at high frequencies in 1925. These surveys have been 
discussed and some of their results illustrated in Sections 4.3.1 and 4.3.3. 

At about the same time, the anomalous propagation of broadcast 
signals had been noted, and in 1923 the field strength measurements 
around New York and Washington, discussed in Section 5.3.2, were 




462 


Engineering and Science in the Bell System 


made. More comprehensive surveys were conducted in 1925 and about 
this time a sophisticated set of measurements involving the use of the 
recording oscillograph was made to investigate the mechanism of the 
irregular propagation and the several types of fading experienced in the 
New York City area. These tests and their analysis by Espenschied, 
Bown, Martin, and Potter showed quite clearly that the radio medium 
was far from ideal and was capable of introducing serious degradation 
and distortion of the signal. They also pointed out some techniques 
which could reduce this degradation. 

It was also in 1922 that the poor radiation from the WBAY antenna on 
the Walker Street building was noted. Subsequent field strength meas- 
urements of signals from this and other sites quickly brought to an end 
the earlier belief that increasing antenna height was always beneficial 
and pointed out the important absorption effects resulting from 
resonance in steel buildings about a quarter-wavelength high. 

The short period of 1922 to 1925 was in a sense the golden era of meas- 
urement. For the first time, quantitative information on the propagation 
of signals and the performance of antenna systems was being obtained at 
frequencies ranging from about 25 kHz to 25 MHz. These measurement 
programs were highly productive in explaining some of the important 
factors underlying the radiation and propagation of radio signals. As this 
understanding came about the need for the work lessened but it con- 
tinued of great importance for a matter of ten years or more and even 
today much engineering data used in designing microwave systems is 
based on statistical data obtained from field strength measurement pro- 
grams carried out since World War II. 


VII. SUMMARY 

By 1930, some 55 years after the Bell invention and 45 years after the 
work of Hertz, radiotelephony had achieved a small but important posi- 
tion in the Bell System. It was providing the only means then available 
for overseas telephony and would continue to do so for the next 25 years. 
A beginning had been made in providing telephone service to mobile 
stations, again a field where radio was (and continues to be) the only 
suitable medium. Point-to-point radiotelephony over land was on the 
whole not competitive with wire transmission and would not be for 
roughly another 20 years when the microwave field opened up . The radio 
use of most concern to the public, and the one with the greatest im- 
mediate potential, was that of broadcasting. The importance of broad- 
casting had been recognized by the Bell System in the early 1920s and 
over a period of some five years much had been done to develop the 
field both technically and commerically. However, the operation of com- 
mercial broadcasting stations (and particularly the proportionately 
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large effort required for producing programs) had appeared inconsistent 
with Bell System communication objectives and it had been decided to 
withdraw from this field, continuing only as a supplier of broadcast 
transmitting equipment and program circuits for connecting stations 
into a network. Today, program transmission remains the only major 
broadcast endeavor in which the Bell System is engaged. It is interesting 
to note that, while for many years program circuits were provided by 
wire, the majority, particularly the television circuits, are presently 
carried by microwave radio. 

The small amount of telephone communication carried by radio in 
1930 was in no sense a measure of its importance to the Bell System. 
Through the preceding 15 years radio as well as wire technology had 
achieved a remarkable degree of maturity. The electron tube, the wave 
filter, and the carrier principle all had been developed to the point where 
their impact on communications would be felt for many years. In the 
evolution of this technology, developments in radio and wire trans- 
mission had gone hand in hand, work on each medium contributing 
not only to its own capabilities but also to those of the other. All through 
this period the problems faced by radio proved a great stimulant in 
developing the new electronic techniques which were proving so valu- 
able in expanding wire transmission. It was this technology which 
would provide much of the basis for the extensive communication 
growth during the second half-century of the telephone. It is difficult to 
assign the precise contribution made to the field of electronics by the 
work on wire telephony and on radiotelephony but there can be no doubt 
that the work in the two fields together led to far greater progress than 
would have resulted from a development program restricted to one alone . 
Moreover, the work on wire and radio during this period had demon- 
strated the importance of broad technological experience in solving new 
and often unexpected communication problems when they arose. 

In writing a brief history covering 50 years of rapidly developing 
technology, it is inevitable that the emphasis may not always be placed 
where it should be, or where the reader believes it should be. In conclud- 
ing these two chapters on the evolution of the transmission media, it will 
perhaps be permissible to point out a few implications which may not 
have been given the emphasis that they deserve. 

It is natural to emphasize physical things, the inventions and devices 
which have had far-reaching effect on the evolution of telephony, and the 
individuals primarily responsible. The years have produced many such, 
as for example Bell's magnetic telephone, the carbon microphone of 
Edison and Hunnings, the loading coil of Pupin and Campbell, 
de Forest's audion, and numerous others. Important as the invention of 
these devices was, the inventors must share some part of their credit with 
a large number of technicians who labored to reduce them to practice. To 
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name only a few: The success of the loading coil was due not only to its 
inventors but also to the numerous engineers who over the years de- 
veloped a practical configuration, appropriate magnetic materials, and 
economical manufacturing processes. The far-reaching effect of the 
audion arose not solely from its invention but also from the recognition 
by Arnold and Langmuir that it was an electronic and not ionic device, 
the application of the earlier discovery by Wehnelt of the low-tempera- 
ture cathode, and the work of numerous technicians who found ways to 
manufacture this delicate device cheaply and in quantity. 

Even when these important devices had been made practical, their 
usefulness was limited until means were devised for their application. 
The application of the audion, for example, required the development of 
circuits in which it could be used effectively to generate signals, modu- 
late and demodulate them, and amplify them by useful amounts. And 
finally, all of these devices had to be integrated into a system to provide a 
complete communications channel, and these channels in turn had to be 
fitted into the complex system of telephony already existing and in a way 
that would not inhibit future growth. Back of this work were teams of 
technicians who unfortunately cannot be individually recognized but 
who in the aggregate were largely responsible for expanding communi- 
cations capability. 

In addition to the physical things, we should recognize what Lloyd 
Espenschied 68 calls the “leaven of the art,” the “ideas which gave rise to 
[the art of communication]; the analyses and reductions to measurement 
which enabled results to be obtained by design.” One of the many 
examples mentioned by Espenschied is van der Bijl's early study of the 
vacuum tube which derived expressions describing tube performances 
and ultimately led to his comprehensive 1920 book which was for many 
years the authoritative text used by designers of tube circuitry. Again, it 
was the analysis of the modulated wave by Carson that led to the 
extremely useful concept of a carrier with sidebands that underlay much 
of the development of radio and carrier systems. 

Going beyond these technical contributions, we should not overlook 
the part played by the general public and the technically enlightened 
entrepreneurs who could see a future in this complicated and initially 
little-understood field of communications. 

Finally, we should note that some readers may find undue emphasis 
on the smooth and continuing progress of technology. It may all appear 
too simple and easy. Let us hope that the understanding reader will 
appreciate that this work was carried on by people who shared the 
faults as well as the virtues of mankind. In real life, progress never fol- 

68 The quotations are from a paper presented to the Institute of Radio Engineers on 
May 10, 1937. 
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lows a direct line to its objective. There are frequently excursions down 
blind alleys that must be retraced. Often each dozen steps forward are 
accompanied by several backward. For every dozen good judgments, 
there are a number of poor ones. All these frailties were to be found in 
those participating in these events. Perhaps our narration would have 
been more spritely (and it certainly would have been much longer) if we 
had chosen to follow each step and presented the conflicts and differing 
points of view as they arose during the 50 years covered. Instead, we 
have chosen to look only at the net result and attempt to identify some of 
the important milestones along the path. The fact that progress during 
this period was very considerable implies in no way that the road was 
simple and straightforward or that the end was achieved without error 
or conflict. Instead, it would be fairer to say that the contributors to the 
evolution of communication showed a remarkable ability to rise above 
the normal impediments to progress. In reading the literature of the 
period, and in talking to those who lived through the latter part of it, 
the impression is inescapable that this ability was based on the confident 
belief in the effectiveness of technology in overcoming seemingly 
impossible obstacles and the equal confidence that the ultimate aim was a 
worthy one. 











Chapter 6 


Switching and Signaling 

Systems 


Switching and signaling systems have been developed to establish direct 
communication between telephone users. In the first century of telephony, 
these systems have progressed from almost totally manual to almost totally 
automatic. The first 50 years of this development are related in this chapter. 

Early communication experience provided little background on which to 
base the development of switching and signaling systems, but gradually the 
concept evolved of a number of distributed central offices, each containing 
switching devices and supporting equipment, for economically interconnect- 
ing telephone lines. This plan was first used for telephone users in a local area, 
or exchange, and was later extended to the interconnection of these exchanges 
overlong-distance lines to form the nationwide network foreseen by Alexander 
Graham Bell in his "Grand System." The exchange systems also were extended 
to include private branch exchange (PBX) systems, usually located on a 
customer's premises, which not only provided internal communication but also 
gave access to the common-carrier network. At first the switching mechanisms 
were operated manually and required complicated actions on the part of 
both the customer and the central-office operator. Gradually the mechanisms 
were simplified so that many of these operations were carried out automatically 
even in those offices employing an operator for establishing connections. 
While this progress was being made in the "manual" offices, much effort 
went into the development of mechanisms for automatically interconnecting 
lines under the control of the user. The field for such "machine switching" 
was at first greatly restricted by both economic and technical factors but by 
the end of telephony's first 50 years many of these problems had been 
resolved for exchange plant applications. By 1925, although toll service was 
still handled manually, about 12 percent of Bell lines were switched by 
machine in the exchange plant. More importantly, the first steps had been 
taken toward the sophisticated switching methods, involving the common- 
control principle, which laid the groundwork for the almost complete 
mechanization of switching in the next 50 years. 
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I. INTRODUCTION 

The transmission systems described in the two preceding chapters 
provide the paths over which electric analogs of speech waves are 
carried. This chapter describes the switching and related arrangements 
used to connect individual paths together into a network so that 
anyone, anywhere, can talk to anyone else, anywhere else in the network, 
at the desire of the calling party. 

To understand the evolution of switching systems it will be helpful 
to start by examining the network configurations capable of providing 
this service and the requirements placed on the switching and signaling 
arrangements used for interconnecting the component circuits. 

II. BASIC CONCEPTS 

The very earliest telephone communications were carried out over 
what today we would call party-line or "full-period'' circuits. As illus- 
trated in (a) of Fig. 6-1, two or more telephone instruments were 
connected to a single telephone line and anyone on this line was 
able to converse with anyone else (and everyone else) so connected. 
Such arrangements are still used for some data-transmission or 
telephone circuits where the community of interest is limited and 
communication between specific users is maintained over a long period. 
But, obviously, the usefulness of this configuration is limited. It 
suffers from lack of privacy since any station can monitor all 
communications carried by the line. In addition, the total number of 
stations that can be served is severely restricted since, for its dura- 
tion, a call between any two users denies service to all others 
connected to the line. 

It was apparent from the beginning that there was need for a 
service that went far beyond the capabilities of a single, party-line 
arrangement. Bell saw immediately that telephony, unlike telegraphy, 
required no special skills on the part of the user and thus offered 
the potential for a widespread communication service. To accomplish 
this, it was necessary to select a specific path connecting the desired 
users, preferably with complete or nearly complete privacy, in a way 
that would have little effect on other users. One possibility, illus- 
trated in (b) of Fig. 6-1, would be to provide a line from each 
telephone station to every other station, with means at each location 
whereby the user could connect, or switch, his instrument to the 
desired line and exclude all others. This "station" switching overcame 
two of the objections of the single-line system by providing privacy 
and leaving the unused part of the network available for other 
communications when portions were in use. The price paid for the 
improvement was high because a completely separate line was required 


Switching and Signaling 


469 


o o 



o 


o 



PRIVATE-LINE LOOP 



PARTY-LINE LOOP 

_ CENTRAL 
SWITCHING POINT 


(C) 



Fig. 6-1. Methods for interconnecting telephone users: (a) party-line or "full-period" 
circuit; (b) station switching; (c) centralized switching; (d) centralized switching with 
trunking; (e) centralized switching of loops and trunks — tandem trunk switching. 


from every station to every other. Thus, except for very small networks, 
the arrangement was impractical since the number of lines increased 
roughly in proportion to the square of the number of stations. 
However, station switching has received some use and is still employed 
for intercommunication systems, where the distance between stations 
is small, and for some special-purpose data networks. 

A much more practical arrangement, which came into use only a 
few years after Bell's invention, was the centralized switching scheme 
illustrated in (c) of Fig. 6-1. 1 With this arrangement each station (or 
a small number of party -line stations) had a direct line, called a "loop,” 
to a central switching point at which the necessary connections or 
switches were made to set up a path between those stations desiring 
to communicate. The connection was established only for the duration 

1 As related in Section 3.1, this arrangement had been patented as early as 1851 for 
telegraph interconnection but had been forgotten and the concept evolved anew in the 
1870s and 1880s. 
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of the call and, so long as adequate interconnection facilities were 
available, any of the stations not already carrying on communication 
were available for interconnection. The number of lines required was 
at most one per station and the length of these lines could be 
minimized by selecting a switching point near the center of the network. 
The switching point was commonly called a "central office." Initially, 
it was sometimes called an "exchange," but later this term was used 
in a broader context. 

Centralized switching was an excellent means for handling inter- 
connection in small geographic areas but left something to be desired 
in covering large areas since each station required its own line to 
the central switching office. For large cities, these lines could be long 
and costly, and basically uneconomical, since most of them were used 
for only a few calls a day. The party-line concept, in which a number 
of stations were assigned to the loop, reduced the cost per station 
but with some loss of privacy and availability. The solution, illustrated 
in (d) of Fig. 6-1, was the use of small central- office areas inter- 
connected by lines called "trunks." All intercommunication within a 
given central-office area was set up by means of a switch at the 
office. Communication to a different office was accomplished by 
switching a loop at the initiating office to a trunk extending to the 
terminating office, at which point it was connected to the loop of 
the called station. This arrangement, by slightly complicating the 
switching procedure, kept the loops short and provided an economical 
means for utilizing the longer trunk circuits between offices. Ob- 
viously, even in the smallest network employing only two offices, 
the number of trunks could be far fewer than the number of loops. 
One reason was that many calls were confined to the originating 
office and, even on interoffice calls, the probability was small that a 
large number would be made simultaneously. Thus, due to the random- 
ness of traffic, it was possible to use trunk lines more economically 
than loops because they could handle many more calls in the course 
of a day. (Roughly, the trunks in a large system numbered about 
one-tenth the number of loops.) 

Once the trunking principle evolved, it was natural to extend it. 
In large cities, "tandem offices" were introduced, as shown in (e) 
of Fig. 6-1. These offices switched only trunks, thus reducing the 
number of trunks required for direct interconnection of all offices. 
The tandem scheme was used particularly for connecting rather 
remote portions of the city having only a small community of interest 
while direct trunking, shown in (d), continued to be used for con- 
necting the nearer offices and those with high traffic density. There- 
fore the trunking pattern in a large city tended to be a combina- 
tion of the configurations shown in (d) and (e). 
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The centralized switching schemes just described were those used 
largely for communication within a city or its environs. This type of 
area is usually referred to as providing "exchange” service as dis- 
tinguished from intercommunication between cities commonly called 
long-distance, or "toll" service. 2 The long-distance network is largely 
based on the extension of the tandem principle used in large exchange 
areas. In each city there is usually a "toll office" 3 having long- 
distance lines or trunks extending to other cities. All intercity calls 
are carried over toll connecting trunks from the local office to the 
toll office which provides means for determining the special charge or 
toll made for the long-haul call and also provides a switching mecha- 
nism for connection to the appropriate intercity line either directly 
or through a tandem switch. 

The toll network is illustrated in a highly generalized manner in 
Fig. 6-2. In the particular configuration shown. City A has direct 
toll trunks to Cities B and C, but if communication is desired to 
City D, toll trunks must be switched together in tandem at either B 
or C. In theory at least, B could be reached from A not only by the 
direct trunk linking the two cities but also by tandem switches at C 
and D. In practice, this use of alternate routing between cities is a 
valuable means for avoiding breaks in the line or congestion in the 
network but must be used under rigorously prescribed conditions to 
avoid an excessive number of trunks in tandem, each of which can 
add its quota of attenuation or other transmission impairment. The 
art of designing a complex network to provide the desired degree of 
circuit availability at minimum cost with adequate protection against 
path failure is a complicated matter beyond the scope of this history. 
Suffice to say that it has been a long and continuing study which 
has contributed greatly to the rapid and flexible system of communica- 
tion available today. 

In addition to the exchange and toll switching systems, a third 
type known as the private branch exchange, or PBX, formed a part 
of the comprehensive telephone network. The PBX was much like a 
small exchange office but was located on customer rather than telephone 
company premises. The customer was usually a business organiza- 
tion and the PBX switched two kinds of traffic. Most of the traffic 
was internal, between customer stations, and was handled locally 


2 The distinction between exchange and toll switching cannot be defined very rigorously 
but generally speaking the former covers calls for which the charge on all or at least a 
minimum number is governed by a base charge for service. It sometimes includes calls on 
which a small charge is made, usually in the form of metered or bulk billing. Toll service 
involves calls which are billed on an individual basis, the charge being determined by 
duration and distance. 

3 In a city with only a single central office, the toll office might be merely a specially 
equipped portion of the switchboard. 
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Fig. 6-2. Generalized toll network. 


without entering the common-carrier network. However, the PBX also 
connected the customer stations to the exchange and toll networks by 
switching them over loops (commonly called PBX trunks) to a nearby 
telephone company central office. 

The various arrangements for centralized switching, just discussed, 
formed the basis for the expanding telephone network and continue 
in use today. Over the years, the means for making the inter- 
connection has varied greatly. In the beginning it was accomplished 
entirely by the manual manipulation of interconnecting devices. 
Originally, these manipulations were complex and laborious and much 
effort was devoted to reducing complexity by minimizing and automat- 
ing the required operation. As early as 1879, proposals were made 
for automating central- office operation under control of the telephone 
user. These machine arrangements evolved more slowly than manual 
switching but with some few exceptions have gradually superseded 
manual central-office operations. However, the problems of complete 
automation were formidable and took many years to solve. The steps 
toward automation taken during the first 50 years of telephony 
are discussed in Section IV. 

Regardless of the manner in which the interconnection is carried 
out, there are a number of basic requirements which all switching 
systems must meet. These are: 

( i ) Means for notifying the central office (either the operator or 
the machine) that a subscriber wishes to make a call. 

(//) Means for indicating the station with which communication 
is desired. 

(hi) Mechanisms for making the desired interconnection between 
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the loops of the calling and the called subscriber, either directly 
or via a trunk, for the duration of the call. 

( iv ) Means for indicating to the called subscriber (if not already 
engaged) that a call is waiting. 

( v ) Means for indicating the status of the connection to the calling 
party (i.e., ready to proceed, or unavailable for use due to 
absence of the called party, busy line or station, and so forth). 

( vi ) Means for indicating the end of the call so that the intercon- 
nection can be terminated. 

These are the minimum requirements for any switching system and 
were soon incorporated in all successful systems. Some were ac- 
complished rather readily. Others, originally complex, were gradually 
simplified as the art evolved. It is interesting to note that of the six 
items listed above, only ( iii ) is strictly an interconnection, or switching, 
function. All the others involve signals to convey information on the 
destination and status of the call. Thus the art of signaling is a large 
and essential contributor to the development of any switching system. 
But signaling is so closely related to interconnection equipment and 
methods that it is not always practical to discuss separately these 
apparently different functions of a switching system. 

As telephone communication developed, other requirements evolved. 
For example, charges for some services were on the basis of number of 
calls made or their duration. For such situations, means were needed 
for counting or timing calls, and these and other special requirements 
will be covered as telephone services are discussed in detail. 

III. MANUAL EXCHANGE SWITCHING 
3.1 Contribution of Prior Art 

Prior to the invention of the telephone, telegraph technicians had 
developed a transmission system consisting of spaced iron wires 
supported on insulators mounted on poles or brackets 100 or so 
feet apart. As related in Section II of Chapter 4, this system was 
not optimum for telephony and was soon greatly modified and ultimately 
supplanted by other systems. However, it did serve as a useful trans- 
mission medium for the early years. 

In the case of switching, the prior telegraph and related signaling 
art had somewhat less to offer. Certain apparatus items (such as 
vibrating bells and buzzers, simple switches, and annunciator drops and 
relays) provided components for early switchboards and signaling 
systems, but there was little experience to assist the development of 
basic concepts. The reason is that telegraphy had developed as a 
specialized, rather than a universal, communication medium. The 
manual sending and reception of telegraph signals required skill and 
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long training and the average person had found the reward not 
worth the effort; mechanical sending and print-out devices were also 
available but were crude and expensive. However, the press, military, 
and railways found high-speed communication of sufficient value to 
employ skilled telegraphers and built networks fitting their needs. On 
the whole, these were simple full-period circuits, often with many 
stations on a line. Switching was not required or, if employed, was 
used to set up circuits for rather long periods, much as a patch 
board might be used today. 

The needs of the general public were met by the message telegraph 
service. The sender delivered his written message to a nearby telegraph 
office and a written copy was delivered by messenger to the recipient. 
Since the messages were usually short and could often be sent in a 
fraction of a minute, there was no need for an elaborate switching 
system for setting up a direct path from the originating to the 
terminating office. Instead of switching circuits, message switching was 
employed. That is, the message was transmitted toward its destina- 
tion as far as a direct line was available, at which point it was 
translated back into alpha-numeric form. When a circuit became avail- 
able, it was retransmitted further, the process being repeated as many 
times as necessary to reach the final office. This was a highly efficient 
process since by introducing only minor delays at points of retrans- 
mission, it was possible to keep the circuits in operation during a 
large part of the day and still provide message transmission over 
the lines in a very short time compared to that required for pickup 
and delivery at the terminals. Even with moderately long delays in 
transmission, messages traveled rapidly as compared to the physical 
transportation required by the mails. 

Obviously, the various types of switching as developed for telegraphy 
could contribute little to meeting the very different requirements of 
telephone switching, although, as with all generalities, there were 
exceptions. Shortly before the invention of the telephone, a switched 
telegraph service was offered to and used by a number of law 
firms in New York City. These organizations had enough need to 
communicate among themselves to justify the use of trained telegraphers. 
The addition of the telephone to this network was a natural step 
and a considerable amount of early telephone service grew out of the 
so-called “Law System." Even the written message service contributed 
to the growth of telephone switching in an indirect way. The need 
to convey these messages to a telegraph office was naturally a nuisance, 
particularly to business firms with an appreciable amount of service 
but not enough to employ a full-time messenger. To meet such needs, 
the so-called district telegraph service was established as a separate 
organization or, in some cases, as part of the message telegraph 
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company. In providing this service, wires were run from a central 
point to the subscribers to the service, largely on a party-line basis. 
Each subscriber was provided with an automatic transmitter (or "call 
box") operated by a spring motor. When the spring was wound, 
it actuated a transmitter which sent a coded message to the central 
point, designating the point of origin, and indicating the need for 
a messenger who was subsequently dispatched from the central office. 
Variants of this scheme included means for sending fire and burglar 
alarms and a choice of coded messages to indicate not only the 
need for a messenger but the desire for package pickup or other 
service. Still other arrangements used a central office with wire networks, 
again largely on a party-line basis, to broadcast information such 
as stock prices and financial clearing house reports. Many people 
operating services employing a network of wires saw the telephone 
as an opportunity for expansion and did indeed provide a basis for 
the early growth of telephony. Their contribution to the art of 
switching is, however, at least debatable. There was a strong tendency 
to look on the telephone as a useful adjunct to the existing service, 
and many of the telephone applications were based on fitting it into an 
existing service pattern rather than developing a new service to take 
advantage of a unique and different means of communication. This 
Procrustean approach may well have restricted the evolution of the 
switching art even though the services provided undoubtedly did much 
to increase public exposure to the telephone. 

Finally, we should not close this review of the early art without 
mention of Francois DuMont. In 1851, when the electric telegraph 
was little more than 15 years old, DuMont took out a comprehensive 
British patent (No. 13,497) covering a system of telegraph inter- 
communication with centralized switching of both loops and trunks 
much like the system that evolved years later for telephony. DuMont's 
proposal must have been known to the telegraph community of the 
day but seems to have been promptly and completely forgotten, 
probably because it was so unrealistic as compared to current needs 
and technology. Thus this inventor had great foresight but little 
influence on the telephone network that gradually evolved much later 
under the logic of need and with little influence attributable to any 
single individual. 

3.2 Early Networks and Switchboards 

Much of the early history of the application of telephony was not 
documented at the time and our present knowledge depends to a 
considerable extent on recollections, often conflicting, recorded many 
years later. We shall do our best to present here the probable 
course of events but will not pretend to be definitive. At this late 
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date it is probably impossible, even with the best of intentions, to 
resolve contradictory statements made by those writing much closer 

to the event. 

Several telephone networks came into existence as early as 1877. 
One of the earliest was set up by E. T. Holmes in Boston during 
May of that year by connecting Bell telephones to wires already in 
use for a centralized burglar-alarm system. A small plug-type switch- 
board, shown in Fig. 6-3, was installed at the central office. Holmes, 
in an undated but signed manuscript which probably was written 
in 1883, states that on May 17, 1877, two lines were connected 
through the switchboard and conversations carried out. Similar inter- 
connections were made later and although these communications were 
of historical interest, undoubtedly being the first switched telephone 
calls, they added little to the art of switching since they appeared 
to be viewed more as an experiment than as the beginning of a new 
service. This is evident from the conclusion of the Holmes document 
that states, "It was however obvious that an express telephone business 
substantially as now conducted (in which subscribers requiring an ex- 
press [man] telephone to the central station from whence the order is 
telephoned to the General Express office) would prove of more 
immediate pecuniary value, and that system was therefore immediately 
adopted as the first field of the telephone in Boston." Thus it seems 
that the first switchboard was used only incidentally for intercon- 
nection of subscribers and primarily as a means for transferring 
a line from the burglar-alarm mechanism to a telephone at the central 
office. 4 In the following year a new switchboard for interconnection 
seems to have been added by Holmes and for a number of years 

4 In his autobiography, A Wonderful Fifty Years, published in 1917, Holmes states that he 
was the first to suggest the use of direct connection of users through a central switchboard. 
Letters reproduced in the book show that in July 1877 he was negotiating a license 
agreement with Gardiner Hubbard (of the Bell Telephone Company Trusteeship) which 
included this as one of the permissible uses of the telephone. However, a number of other 
people seem to have had the same idea at about this time and, of course, the concept was 
basic to Bell's "Grand System" mentioned in Section X of Chapter 1. Holmes does, however, 
deserve full credit for the first commercial use of the telephone in his despatch service. 



Fig. 6-3. E. T. Holmes switchboard of 1877. (Rhodes 1929, Fig. 30) 
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he conducted, as separate entities, both a switched exchange service 
and his express despatch service, the latter using lines installed primarily 
to furnish burglar-alarm service after the close of the business day. 

In July of 1877, Isaac Smith, a Hartford druggist, established a tele- 
phone network for connecting his store with several doctors and livery 
stable operators. At first this network relied on the use of an operator 
to relay messages verbally, but later some primitive arrangements seem 
to have been used for interconnection. There is evidence that this scheme 
relied heavily on a party-line arrangement. 

Both of these networks were originally intended for private rather 
than commercial use. A third such system was put in use in 1877 
by the ingenious Thomas Doolittle, whose name appears frequently 
in early telephone history. In 1874, he had initiated an organiza- 
tion called the “Bridgeport Social Telegraph Association" made up of 
friends and business associates in the area. Members were connected 
by wire to each other and to the local commercial telegraph company, 
the manager of which taught them the Morse code. In the summer 
of 1877, Doolittle secured a subagency for the Bell telephone but 
it was fall before he obtained instruments. He then began to install 
telephones on the lines of the Association, and limited service started 
with a simple interconnecting switchboard. Doolittle seems to have had 
line interconnection as an objective from the beginning, but service 
was confined to the private network until July 1878 at which time a 
switchboard designed by Doolittle and built by Charles Williams, 
Jr., of Boston became available and commercial service was offered. 

The first truly commercial exchange was established in New Haven, 
Connecticut, in 1878, by George W. Coy, a licensee under the Bell 
patents. His company, the District Telephone Company of New Haven, 
was formed on January 15, and almost immediately distributed 1,000 
copies of a prospectus describing a public switched service which 
would be made available at a cost of $4.50 per quarter. This 
resulted in only one application for service, made by the Reverend 
John Todd. With the help of direct solicitation, other customers 
were obtained and the exchange was formally opened with 21 sub- 
scribers on January 28, 1878. On February 21, the company issued 
its first list of subscribers, the number at that time having grown 
to 50. 5 This, the world's first telephone directory, reproduced in 
Fig. 6-4, was of the classified type giving no addresses or telephone 
numbers, the latter not coming into use until about ten years later. 6 

5 Appropriately enough, the first name listed was that of the Reverend John Todd. It is 
interesting to note that 70 years later, 14 of the original subscribers (or their corporate 
successors) were still listed in the Southern New England Telephone Company directory. 

6 As late as 1880, the list of New York City subscribers did not show telephone numbers, 
even though it consisted of about 1,500 names distributed among six exchanges. 
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LIST OF SUBSCRIBERS 

jew gaven j}i$trict feleplione flompany 

t t r ♦ T 

O F FTC E Si 9 CHA'PEL STREET 

February 21, 1878. 


Residences. 

Rev. JOHN E. TODD. 

J. B. CARRINGTON. 

H. B. BIGELOW. 

C..W. SCRANTON. 

GEORGE W. COY. 

0. L. FERRIS. 

H P. FROST. 

M. F. TYLER. 

I. H. BROMLEY. 

GEO. E. THOMPSON. 

WALTER LEWIS. 

Physicians. 

Dr. E. L. R. THOMPSON. 

Dr. A. E. WINCH ELL. 

Dr. C. S. THOMSON. Fair Haven. 

Dentists. 

Dr. E. S. GAYLORD. 

Dr. R. F. BUR WELL. 

AfzaetHaneous. 

REGISTER PUBLIS1HNG CO. 
POLICE OFFICE. 

POST OFFICE. 

MERCANTILE CLUB. 
QUINNIPIAC CLUB. 

F. V. McDonald, Yale News 
SMEDLEY BROS St CO. 

M. F. TYLER, Law Chambers. 


Stores, Factories, etc. 

O. A. DORMAN. 

STONE * CH1DSEY. 

NEW HAVEN FLOUR CO. State St. 
“ “ “ •* Cong. ave. 

“ ,l “ “ Grand St. 

'* “ “ Fair Haven. 

ENGLISH St MERSICK. 

New Haven FOLDING CHAIR CO. 
H. HOOKER St CO. 

W. A. ENSIGN & SON. 

H. B. BIGELOW A CO. 

C. COWLES Sc CO. 

C. S. MERSICK St CO. 

SPENCER Sc MATTHEWS. 

PAUL ROESSLER. 

E. S. WHEELER St CO. 

ROLLING MILL CO. 
APOTHECARIES HALL 
E. A. GESSNER. 

AMERICAN TEA CO. 

Meat dt Fish Markets. 

W. H. HITCHINGS. City Market. 
GEO. E. LUM. 

A. FOOTE St CO. 

STRONG. HART Sc CO. 

Hack and Boarding Stables. 

CRUTTENDEN & CARTER. 
BARKER St RANSOM. 


Office open from 6 A M. to 2 A. M. 

After March 1st, this Office will be open all night. 

Fig. 6-4. Facsimile of the first telephone directory. 
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This information on the New Haven exchange is well documented, 
but the physical characteristics of the switchboard are less well estab- 
lished since the board formed part of the partition between the office 
and battery room and did not survive subsequent building alterations. 
Available information depends on a sketch made from memory 
by Coy in 1905 and his statement that it was similar to a board, 
first used in Meriden, Connecticut, in February 1878, which has 
survived. On this basis the reconstructed model shown in Fig. 6-5 
and the circuit diagram of Fig. 6-6 are usually taken to be representa- 
tive of the equipment first used for commercial switched service in 
January of 1878. 7 

The many interesting features incorporated in this board warrant 
a close examination of Fig. 6-6. For illustrative purposes, we shall 
assume that a caller on Line 1 wished to call a party on Line 4. 
Normally, all switches designated L and C were open and all those 
marked K were closed. In this situation, battery current from B-l 
was sent over each line to a ground at each station. When the sub- 

7 J. E. Kingsbury in his 1915 book. The Telephone and Telephone Exchanges, says 
categorically that a somewhat smaller (four-line) board with different operating features 
was used and he illustrates the circuit with a drawing he obtained from T. D. Lockwood. He 
states that the original board was replaced in about two months by one similar to the 
Meriden board which also was designed by Coy. The precise sequence of events is of little 
importance since, in either case. Coy deserves credit for introducing many fundamental 
principles of telephone switching. 
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Fig . 6-5. Model of the first commercial telephone switchboard, installed at New Haven, 
Connecticut, in 1878. (Rhodes 1929, Fig. 31) 
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Fig. 6-6. Circuit diagram for the New Haven switchboard. (Rhodes 1929, p. 167) 


scriber wished to make his call, he momentarily opened the circuit 
by pressing a button at his station (shown at the upper left of 
Fig. 6-6). This operation opened the circuit through line relay R-l 
and actuated annunciator A-l which remained operated until manually 
restored. (At a later date a bell was also added in order to awaken 
the night operator.) The operator responded by restoring the an- 
nunciator and turning switch K-l to the metal "listening" strip which 
connected the caller to the operator's telephone. He then obtained 
the name of the desired called party, which he recognized as being on 
Line 4. Thus, the board fulfilled the first two requirements of any 
switching system (listed at the end of Section II) using, incidentally, a 
common-battery signaling arrangement which was soon to be discarded 
but would be reintroduced about 20 years later and become a standard 
feature of telephone systems. 8 The operator, knowing that the called 
party was on Line 4, opened both K-l and K-4 and closed C-4, after 


8 Later systems supplied battery only during a call, not on a continuous basis, including 
idle periods, as used by Coy. Continuous battery was probably a hangover from telegraph 
service where it was common practice. With the poorly constructed lines of the time, it was 
advantageous since the central office was immediately notified of a line break. 
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which the ringing mechanism 9 (at the lower right of Fig. 6-6) was 
operated to send out a sequence of buzzes corresponding to the code 
of the called party. After ringing, the operator opened C-4 and 
connected the called line to the operator's telephone by turning K-4 to 
the listening strip. If the phone was answered, he connected the two 
parties by turning switches L-l and L-2 as indicated in Fig. 6-6. If 
there was no answer, the calling party could be notified verbally by 
switching K-l to the listening strip. Up to this point, the first five 
functions of a switching system had been fulfilled. The call was 
terminated by restoring all switches to normal but no means was 
provided for notifying the operator that the call was completed except 
by his occasionally swinging the K switches to the listening strip, an 
operation which was often carried out too infrequently (or some- 
times too frequently) to be satisfactory. Thus, the final or "recall” func- 
tion was not adequately handled by this board but was added by other 
manufacturers within the year. 

This rather lengthy explanation has been given not only to point 
out how farsighted Coy had been in recognizing the functional 
requirements of a switching system but also to point out the complexity 
of the board and the large number of manual operations required. 
The simplification of these operations was one of the main objectives 
of switchboard development in the next 10 to 15 years. A complementary 
objective was to find much more compact arrangements so that large 
numbers of lines could be handled. It was obvious that expanding 
Coy's arrangement of switches to handle more than a few dozen lines 
would provide a very unwieldy system, and for large expansion a 
radically new approach would be needed. 

Before examining other solutions to the switching problem, we 
should, however, point out one technique used by Coy which in 
principle has continued to play an important role in switching. This 
is the arrangement of switches designated L on Fig. 6-6. It will be 
noted that these connecting devices were used in pairs with a wire 
connection between. Interconnection of lines was accomplished by 
connecting one of the pair to the calling party and the other to the 
party called. In essence, this combination was a trunk with a connecting 
mechanism at each end. While the rotary switch was soon abandoned 
as the connecting device, the basic idea of a trunk with a connection 
at each end has been used repeatedly in subsequent switching systems 
under various names such as transfer trunk, cord circuit, link circuit, 
junctor, etc., and is a basic means for providing a simple, flexible 

9 This was Watson's buzzer, also known as "Coy's chicken" which is described with 
other ringing arrangements in Section 4.1 of Chapter 3. It produced a high-voltage 
alternating current that caused a loud buzz in the distant telephone. 
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means for interconnecting a large number of terminals. 10 Further, 
it will be noted that Coy used these trunks with economy. With eight 
lines available, there was a possible need to establish as many as 
four calls at once. However, he recognized that the probability of this 
occurrence was small and on a strictly instinctive basis he reduced 
the size of his board by providing switches for only two simul- 
taneous conversations. Much later, mathematical analysis to determine 
the precise number of trunks required to provide a desired grade 
of service was to become an important milestone in the evolution 
of switching systems. 

Telephone exchange service captured public imagination far beyond 
anyone's expectation. To quote testimony by C. E. Scribner 11 in an 1896 
law suit: "The value of the telephone exchange came to be appreci- 
ated by the public very soon and the growth of the telephone exchange 
gave to its promoters surprise following surprise. A switchboard de- 
signed and well calculated to provide for the estimated growth of years 
would be found of too small capacity for the needs of the time when com- 
pleted, the growth of the business between date of order and that of 
completion being sufficiently great for this result." 

Naturally, such a situation attracted many technicians to the field. 
At the time, the Bell interests were concerned with the many attempts 
being made to infringe the important basic patents on telephone 
instruments and their policy on switchboards was that, in the absence 
of a reliable central manufacturing company, the local company should 
adopt the best apparatus readily available to them and make improve- 
ments as they came along. As a consequence, every little shop with 
electrical experience entered the field and applied the inventive genius 
of its staff to switchboard development. In fact, inventions were made 
in so many places and came along so fast that it is practically 
impossible to produce a reliable chronological account of this period. 
Dozens of different types of boards were produced and we shall 
not attempt to describe more than a few. 

The Coy board, it will be recalled, used the same electrical circuits 
for communication and signaling. A competing concept, originating 

10 It is not intended to imply that Coy was the inventor of all the principles employed in 
his board . To a considerable extent he merely put to work the material and ideas available to 
anyone versed in the art of the time. However, it is to his credit that they were put together 
in a way to meet the needs of telephony instead of adapting the telephone service to fit 
existing switchboards. 

11 Charles Scribner was one of the most prolific early telephone technicians, with over 
400 inventions to his credit. He joined the Western Electric Manufacturing Company in 
1877, at the age of 18, as a designer of telegraph instruments. Shortly thereafter, when the 
company began the manufacture of telephone apparatus, the engineering activity in this 
field was assigned to Scribner. He literally grew up with the telephone, spent practically his 
entire active life in this field, and served for many years as Chief Engineer of Western 
Electric after it became the manufacturing branch of the Bell System. 
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largely in the district telegraph community, was the use of separate 
circuits for communication and the major signaling functions. Probably 
the first such exchange was installed in 1878 by the American District 
Telegraph Company of Chicago. This company operated a call-box 
system used by subscribers for summoning messengers, expressmen, 
etc. Leroy Firman, the General Manager, seems to have been a highly 
ingenious individual and decided to supplement the call-box service 
with a telephone exchange. Stations using Edison transmitters, 
manufactured under Westem-Union-held patents, were installed on 
individual lines run to subscribers of the service. The call-box service 
was supplemented by adding two codes to designate "Telephone 
Use" and "Telephone Through." A customer wishing to make a call 
sent the former signal, and the call-box recording operator made a note 
of the request and name of the caller and passed the information 
to the switchboard operator who obtained by voice the name of the 
called party, called him, and set up the connection through the 
telephone switchboard. At the end of the call, the "Telephone Through" 
signal was sent and the connection was taken down by the switch- 
board operator after notification from the recording operator. Although 
the procedure was slow, since it involved two operators, the switch- 
board itself was simple and compact, consisting of rows of metal 
terminals, one per subscriber, with holes in which metal connecting 
pegs could be inserted. The operator's set was grounded at one side 
(through a battery during signaling) and the other side was connected 
through a flexible cord to a peg which could be plugged into the 
terminal of the customer desiring service. After the operator learned 
the call destination, he disconnected his set and connected the 
appropriate line terminals with a flexible wire or "cord" having suit- 
able pegs at each end, these cords being carried in a loose bundle 
in his pocket. Electric tap bells or one of the other simple arrange- 
ments described in Section 4.1 of Chapter 3 was employed for ringing. 12 

The Chicago system was a highly primitive arrangement and would 
have been of little historical interest had it not stimulated Firman, 
Scribner, and other inventive visionaries into new approaches to switch- 
ing from which much of the manual switching art evolved. All this 
will be related later. For the present it is enough to note two 
improvements on Coy's board. One was the introduction of an "end of 
call" or "recall" signal. 13 The other was the use of a double-ended 

12 Firman's U.S. Patent No. 328,305, filed January 16, 1880, and issued October 13, 1885, 
seems to give a fairly good description of his early system but does not agree in all respects 
with contemporary accounts. Undoubtedly, changes were many and frequent. 

13 The price was high, however, since it was obtained as a result of a separate signaling 
circuit. On June 9, 1880, H. H. Eldred applied for a U.S. patent (No. 303,714, granted August 
19, 1884) which included recall, or “clearing-out" drops, for a system using the talking line 
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cord with plug-in pegs for connecting lines. This was not an original 
idea but was a great improvement in the connecting function as 
compared to Coy's rotary switches which required two switchpoints 
per line for each connecting circuit and became unwieldy with more 
than a few dozen lines. 

The use of a separate signaling circuit (or “order wire") was favored 
by a number of early telephone technicians because it greatly simplified 
the switchboard circuitry. Since this circuit was only used infrequently, 
it could be run to many subscribers who used it in common. 
This “call circuit" principle, as it was referred to, was abandoned 
for subscriber signaling after a few years but was used for trunk 
signaling until about 1925. Before it was abandoned for subscriber 
use, rather extensive use of call circuits was employed in the so-called 
“Law" telephone system. This system was the outgrowth of the one be- 
gun in 1874 by W. E. Childs for exchange telegraph service between law 
firms. It was converted to telephone around 1880 and was introduced 
into a number of eastern cities. The calling procedure differed from 
that used in Chicago in that the subscriber connected his station 
to the order wire when he wished to make a call and forwarded 
his request orally to the operator who continuously monitored the 
call circuit. The telephone line of each subscriber terminated in a 
cord and plug and, after ringing the called subscriber, the operator 
made the desired connection by inserting the appropriate two plugs 
into one of a number of connecting strips provided for the purpose. 
A Law system board used in Richmond, Virginia, in 1882 is shown 
in Fig. 6-7. Earlier boards used boys as operators but by this time 
women were beginning to be used and more decorum was intro- 
duced into the switchroom. 14 

Although the Law system had little lasting impact on the evolution 
of telephone switching, a patent assigned to the Law Company by 
Frank Shaw 15 is worth noting. This patent seems to be the first 
recorded proposal to assign numbers to subscribers to avoid am- 
biguity on calls to customers with similar names. It also outlines the 
possible use of multiple central offices connected by trunks. 

Another early telephone system receiving considerable use was that 
of the Gold and Stock Company, originally formed to broadcast 


for signaling. This seems to be the origin of the scheme used in the Western Electric 
"Standard" board. A slightly different but related arrangement was used in the Western 
Electric "Universal" board and Gold and Stock Company boards of 1879. (All of these 
switchboards are discussed in Section 3.3.) 

14 A Mr. Eckert, of Cincinnati, speaking in 1881 before the National Telephone Exchange 
Association, said, "I would like to say right here, I've been asked by Mr. Sabin what our 
experience has been with young ladies' help; the service is very much superior to that of 
boys and men. They are steadier, do not drink beer and are always on hand." 

15 F. Shaw; U.S. Patent No. 220,874; filed August 11, 1879; issued October 21, 1879. 
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Fig. 6-7. Law system board at Richmond, Virginia, 1882. (Rhodes 1929, Fig. 39) 

stock market and banking reports by means of telegraph printers. 
A large switchboard used by this company in 1879 is illustrated in 
Fig. 6-8; Fig. 6-9 shows a single position. This was a single-circuit 
board, i.e., using the same wire for signaling and communication. 
Drops designating lines were at the top of the board with connection 
terminals arranged in the same order directly below. This part of the 
board was essentially the Western Electric "universal switch," described 
in Section 3.3.1, but some of the additional features were unique. 
As shown in Fig. 6-9, the operator could communicate directly with 
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Fig. 6-8. General view of the "Gold and Stock" switchboard of 1879. (Rhodes 1929, Fig. 34) 


Fig. 6-9. An operator's position 
of the "Gold and Stock" board. 
(Rhodes 1929, Fig. 35) 
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the subscriber by plugging one cord of his telephone into a ground 
plate and the other into the line terminal. Communication between 
subscribers was established by connecting the appropriate line terminals 
through plugs and cords. However, since this was a large switch- 
board, the desired subscriber line was likely to be terminated in a jack 
distant from the operator who answered the call. To avoid long 
cords, a series of metal bars running the length of the board was 
installed below the line terminals. These bars were so mounted that 
they could be turned on their long axis. An operator, wishing to 
connect two remotely located lines, connected one to a bar through 
a cord using pins or clips for connection, and rotated the bar slightly 
to indicate to the other operators that it was in use. At the same 
time he called (through the air) to the operator at the distant 
position to connect the desired subscriber to the same bar . 16 This 
practice, of course, resulted in much clamor and confusion. Another 
feature was the use of "clearing-out" drops associated with each bar 
which would operate when the calling subscriber "rang off" on com- 
pleting a call by operating a signaling device at his station. All 
these drops appeared in a group where they could be observed 
by a special operator. When a drop fell, indicating call completion, 
the operator shouted to the line operators to take down the connec- 
tion to the bar (designated by number), thus adding further noise 
and confusion. 

The preceding pages have discussed only a few of the many switch- 
boards that were used in the early days of telephony. It is tempting 
to explore further the design of early boards, since they provide a 
fascinating example of the technical ingenuity of the era, but space 
limitations prevent this indulgence with one exception. A number of 
manufacturers such as Williams of Boston and Gilliland of Indianapolis 
used a principle employed in the Western Union Peg Switch and known 
in Europe as the "Swiss commutator." The basic plan was to have a 
series of metal bars crossing the board horizontally. Above them, 
but not in contact, a series of bars was arranged vertically, each of 
which was connected to a line. Holes were drilled through the horizon- 
tal and vertical bars at each point of intersection so that a vertical 
bar (line) could be connected to a horizontal bar by means of a 
metal plug passing through the bars at the intersection. Another 
plug could similarly connect the horizontal bar to a different vertical 
bar, thus interconnecting the lines. For many reasons this scheme 
did not continue in use very long for manual boards. However, many 
years later the idea was incorporated in crossbar switching systems, 
in which the vertical and horizontal "bars" operated switch contacts at 
the intersections. 

16 At this time all telephone communication employed ground-return circuits and 
switching in this and other contemporary boards involved only a single conductor. 
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After this final example of the diversity of ideas explored by early 
telephone technicians, we shall turn to the main stream of develop- 
ment effort, which ultimately resulted in standard types of switch- 
boards which served the growing needs of telephony for many years. 

3.3 Meeting Telephone Requirements 

As just noted, the functions of the telephone switching system were 
met in the early years by a number of technicians using diverse 
methods based on available apparatus and to some extent by adapta- 
tion of telegraph practices. While this approach met immediate needs 
and gave the public a taste of the potential value of telephony, 
it led to dead ends when expansion was required. To meet this 
need, a distinctive approach had to be developed that not only met 
the functional requirements of switching but did so with the minimum 
of equipment and operating effort. This development began only a 
few years after the telephone invention. The path followed was in 
part determined by developments closely related to the switching 
process but was also greatly influenced by progress in the trans- 
mission and station areas, covered in other chapters, and these influ- 
ences should be kept in mind as switching development is discussed. 

To review briefly, the main transmission objective was the conquest 
of distance but the use of the best line materials available came far 
short of providing even tolerable conversation over United States 
continental distances. The advent of loading early in the twentieth 
century helped to some extent but the problem was not fully solved 
until the introduction of the vacuum tube repeater about 1914. Thus, 
for some 40 years there was great pressure put upon the develop- 
ment of high- efficiency station equipment since gains in this area 
were the most effective means available for achieving increased distance. 

The electromagnetic transmitter used by Doolittle, Coy, and other 
early entrepreneurs was soon replaced by battery-powered micro- 
phonic devices which were true amplifiers and had a potential for 
increasing the electric power on the line by roughly a thousand- 
fold. 17 However, the early instruments of this type were far from 
reaching the ultimate potential of the principle, and it was necessary 
to achieve the greatest practical efficiency by using a high battery 
current which, with the high-resistance iron-wire loops then in use, 
was more readily obtained from a local battery consisting of a few 
cells at the station than from a large battery at the central office. 

Signaling the operator by means of a common battery, as used by 
Coy and others, also was a problem with high-resistance loops. 


17 The evolution of station apparatus is covered in detail by Chapter 3. 
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particularly when the line, as often the case, was not well- insulated 
and therefore subject to leakage to ground on wet days. A satis- 
factory scheme for signaling the operator, as well as for calling the 
subscriber to the phone, was found in Watson's ringing system. This 
consisted of a high-voltage, low-frequency (about 17 hertz) alternator 
as a source of power and a balanced-armature ringer which followed 
alternations in the current. 18 The alternator, in the form of a hand- 
cranked "magneto," was installed as part of the telephone station. It 
was used by the subscriber not only to "ring" parties on his own 
line but also to "ring down" an annunciator or drop at the central 
office in order to signal the operator that assistance was needed in 
setting up a call or for disconnecting one at its termination. Similar 
generators, originally driven by hand or foot, but soon electrically 
powered, were used at the central office to ring the called party. 

As a result of these circumstances, the telephone system for about 
15 years following 1880 consisted of station sets using locally supplied 
power for the transmitter and for signaling the operator. By about 
1895, line construction had improved, loops had been shortened, and 
stable transmitters had been developed that would operate efficiently 
on battery current as low as 30 to 50 milliamperes. So, at that 
time it became possible to consider once more the use of a central 
rather than a local battery both for transmitter supply and for signal- 
ing the operator by means of sensitive relays that were then avail- 
able. Thus the trend toward common-battery offices began, and with 
it the evolution of more sophisticated signaling arrangements that 
reduced the burden on both subscriber and operator. 

3.3.1 Local-Battery Systems and the Multiple Board 

With this background in mind, we can now return to the development 
of a series of switchboards which successively met the growing needs 
of telephony and gradually evolved into standardized boards meeting 
Bell requirements. 

The framework for this evolution grew out of Firman's Chicago 
exchange and was largely the result of work by Scribner and his 
associates at Western Electric as they strove to improve the original, 
rather crude, arrangements provided. 

The Western Electric Manufacturing Company had for many years 
provided telegraph equipment for the Western Union Company 19 

18 Such equipment constituted a large part of the early station sets and is described in 
Section IV of Chapter 3. 

19 A brief review of the relations existing among the Bell interests. Western Union, and 
Western Electric at this time will provide useful background for the events related here. The 
Western Electric Manufacturing Company of Chicago was an independent manufacturer of 
electrical equipment with considerable experience in the production of telegraph 
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and it was natural that the latter organization should turn to them 
for technical and manufacturing help when Western Union decided 
to purchase a license for the Edison transmitter and challenge the 
Bell patents by entering the telephone business. The first fruit of 
this combination was the so-called “Edison" exchange opened in 
Chicago in 1878. This, as related previously, used separate call- 
circuit signaling and would have been unimportant if its growth 
had not inspired Firman to make a major switching invention. 

The problem Firman faced was that the number of customers 
had grown to the point where the traffic between them could not 
be handled by the two or three operators who could be crowded 
in front of a single switchboard on which the lines were terminated. 
(With call-circuit signaling, only simple connectors were required at 
the telephone board and a very large number could be crowded 
in a small area, but the space problem became more acute as this 
operating procedure was abandoned.) The solution, worked out in late 
1878 and early 1879, was to provide several duplicate switchboards, 
each of which contained terminations for every customer in the 
exchange; thus a connection between any two customers could be 
made at any board. These duplicate boards were referred to as “mul- 
tiple" boards and this term was later used to designate any arrange- 
ment which provided more than one jack appearance per line. Un- 
fortunately, since there were several terminations for each customer, 
it was quite possible for a connection to be made at one board to a 
line already in use at another. What was needed was a means for 
designating a busy line and this was accomplished by using an addi- 
tional “target" board, visible to all operators, on which tags were posted 
by a separate operator. 20 Crude as this basic scheme was, it soon 


equipment. In 1876, Bell's telephone patent rights had been offered to Western Union for 
the modest sum of $100,000. The offer was turned down on the basis that the invention 
would be of little use to Western Union, but within a year they decided that there was 
indeed a future in telephony and entered the field. Equipment was based on patents 
acquired from Gray, Edison, Dolbear, and others. Both the Western Union shops and the 
Western Electric Manufacturing Company produced equipment. Following court action 
started by the Bell interests. Western Union in November 1879 settled out of court, agreeing 
to retire from the telephone business, grant rights to Bell on all patents they had acquired, 
and sell to Bell all of the telephone systems that Western Union and their subsidiaries had 
established. 

Experience had shown the difficulties of building a system from elements designed and 
produced by many manufacturers, and Bell, in a step toward standardization, purchased 
the Western Electric Manufacturing Company in November 1881, after which time it 
operated under the name of the Western Electric Company. At about the same time. 
Western Electric acquired the licenses of Williams and Gilliland which, with the Western 
Union and Bell patents, gave them manufacturing rights under all the extant patents of any 
importance. In February of 1882, agreements were reached whereby Western Electric 
became the main supplier of Bell for major telephone system components. 

20 Firman, at the time, did not consider that his multiple board and target indicator 
constituted an invention but, under the urging of E. M. Barton, he filed for a U.S. patent on 

January 7, 1881, and No. 252,576 was granted January 17, 1882, and sold to the Western 
Electric Company. 
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evolved into a highly workable arrangement with the help of Scribner 
and others. But before we discuss the practical development of the 
multiple switchboard, we need to consider other problems of the era. 

The Edison exchange had started with call-circuit signaling but soon 
there were demands for service from areas not covered by the call- 
box system. To handle these lines, special arrangements were provided, 
incorporated first in the Western Electric "Universal” switchboard and 
later in an improved board designated as the "Standard." The basic 
idea was that current from a local source at the customer's station 
was used to operate an annunciator, or drop, at the switchboard 
to indicate the desire to make a call. The customer's line terminated 
in a "jackknife" switch, invented by Scribner, which served two pur- 
poses. As a plug was inserted, it made connection to the customer's line 
and at the same time actuated a movable member, hinged like a jack- 
knife blade, which opened two contacts disconnecting the annunciator 
circuitry. This device, shown in Fig. 6-10, was the first piece of telephone 
apparatus in which the performance of a primary switching function 
(connecting) automatically carried out a secondary (signaling-related) 
function. It was the first of many steps taken to reduce the number 
of actions required by the operator. 

The "universal switch" was used in the Edison exchange for stations 
without call boxes and also employed by the Gold and Stock and 
other companies. Its 1879 implementation is shown in Fig. 6-11 with 
a call set up between Lines 1 and 9 (corresponding to the actuated 
drops at the top of the board) by cords and plugs connected through 
a "call plate" at the bottom of the board. This board will also be 
recognized in the background of Fig. 6-9. 

In 1880, the improved "Standard" switchboard. Fig. 6-12, was 
introduced. This board incorporated several new features that were 
to be a part of future switchboards. One was the use of a key shelf 
and flexible, double-ended cords arranged with weights to restore 
them to an orderly at-rest position, thus doing away with the loose 
cords used previously. Another feature was the use of keys, asso- 
ciated with the cords and mounted in front of them on the shelf, 
to connect the operator's telephone and to send out ringing current. 
Finally, each cord included a "clearing-out drop" which could be 
operated at the end of the call by a spurt of current sent out by 
the customer. As originally conceived, these boards used the local 
talking-battery at the customer's station as a source of current to 
operate the drops but as Watson's magneto ringing system was 
introduced in subscriber stations, 21 the magneto was adopted as a 
source of signaling current and the switchboard drops modified, 
where necessary, to operate on low-frequency alternating current. 


21 As described in Section 4.1 of Chapter 3. 




Fig. 6-10. Scribner's "jackknife" switch and the plug used with it. (Rhodes 1929, Fig. 32) 


Fig. 6-11. The "Universal" switchboard of Fig. 6-12. The "Standard" switchboard of 

1879. (Rhodes 1929, Fig. 33) 1880. (Rhodes 1929, Fig. 37) 
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Similarly, a magneto or equivalent ac generator was used at the 
central office in place of the direct current originally used for ringing. 
These measures greatly extended the distance over which loop signals 
could be sent and by 1881 or 1882 magneto signaling and ringing 
had become almost universally used. 

The "Standard board" of 1880 approximated the characteristic 
shape of later manual switchboards but lacked much of the substance. 
The major unsolved problem was that of size. A unit, or "position" 
as it came to be known, could take care of only 50 lines. 22 When more 
lines were required, additional units were added side by side. This 
was satisfactory for lineups of about three units since during light 
traffic a single operator could be seated at the center position and 
reach lines in both her own and the adjacent units. During busy 
periods, operators could be added at the end positions and complete 
calls to all lines in the group of three positions with occasional 
assistance from the center operator in connecting to jacks beyond 
reach. For more than three positions it was necessary to use trans- 
fer trunks between positions. With this arrangement, the answering 
operator did not complete the call herself but connected her cord to 
a trunk appearing before an operator having the called number within 
reach. It was this operator who made the final connection. With such 
a scheme, it was necessary to pass the completing information between 
operators. To avoid other problems, this was done orally, usually 
over the trunk but sometimes through the air as in the Gold and 
Stock Company exchange, with obvious noise and confusion. 

Several improvements were necessary and soon introduced in Western 
Electric boards. An important step was the reduction in size of the 
drop and jack apparatus resulting from inventions by E. P. Warner 
and J. C. Warner respectively, made about 1882 while they were 
employed by Western Electric. The Warner jack, the prototype for 
the present-day plug and jack, will be discussed later. For the present 
it is sufficient to note that, like the Scribner jackknife switch, it not 
only performed a connecting but also a signaling function. However, 
it occupied less space on the face of the board, the size ultimately 
being reduced to the point where over 10,000 jack openings could 
be placed within reach of a single operator. These were important 
steps in solving the space problem but not nearly so significant as 
modifications and improvements made in the application of the multiple 
jack field proposed by Firman some years before. 

Firman's scheme was originally proposed in connection with call-box 


22 The large amount of space required by the jackknife switches and the line drops was 
one of the penalties paid for eliminating call-circuit signaling and its associated 
complicated operating practices. 
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signaling under circumstances requiring only a few duplicate jack 
fields. A target board to indicate busy signals, while awkward, was 
at least usable under these conditions. Subsequently, call-circuit tech- 
niques had been abandoned and signaling had become associated with 
each line so that a single operator could perform both the answering 
and connecting function. The increased space required by this operat- 
ing change and the rapid growth of telephony clearly indicated that 
a large number of positions with many multiple appearances would 
soon be required. To have signaling drops associated with each 
appearance would be wasteful of space and equipment and the whole 
scheme would soon become unworkable unless a scheme was devised 
for indicating busy lines which was more suitable than the target 
board. The steps in achieving the necessary improvements were many, 
including a number which proved somewhat impractical and were 
abandoned in favor of later developments. For our purpose it is 
sufficient to indicate the ultimate outcome. About 1883, Scribner 
devised a circuit which made it possible to test a line by touching 
the plug tip of the operator's answering cord to the shell (sleeve) 
of the jack. A click indicated a busy line and the calling party was 
so informed. 23 With this arrangement the need for a target board 
was eliminated, operating procedure was simplified, and there was no 
limit on the size or layout of the multiple imposed by line-of- 
sight requirements. 

Another and equally important change occurred in the layout of 
the vertical face of the board. The basic idea involved a separation 
between jacks used for answering (including the drop or other 
associated signals) and those used for completing. The completing 
jacks were placed in the upper part of the board, a full field 
providing jack terminations for every line in the office and occupying 
the space covered by three positions. This field was repeated (mul- 
tipled) in the adjacent section of three positions, one section follow- 
ing another until an adequate number of appearances were achieved. 
Since the reach of an operator covered the board face constituting 
three positions, each operator, regardless of where she sat, could 
complete calls to every line in the office without assistance from 
another operator. 24 It was appreciated that an operator could handle 
only a limited number of calls during the busy hour and did not 
need access to all lines for answering purposes. Instead, the answering 


23 Originally the click could be heard by both the operator and the calling party, but in 
1885 J. J. Carty devised an improved circuit (not immediately adopted) which prevented 
transmission of the click to the customer. 

24 In the Bell System the width of an operator's position became standardized at about 2 
feet. Thus a three-position section of multiple was 6 feet wide. The height varied with the 
size of office and type of board but was limited to about 3 feet. 
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jacks were distributed over the entire switchboard with only the 
small number which could be handled in a busy hour placed in each 
position. The drops associated with each line to signal a request for 
service and those associated with cords to indicate completion were 
located below the answering jacks or on the keyshelf. This shelf, 
which had been introduced by the 1880 “Standard” board, continued 
to be a feature of all later boards and provided the mounting for 
double-ended cords and plugs retracted by pulley weights, ringing and 
listening keys, and other auxiliary apparatus. With this arrangement 
of keyshelf and backboard with separate answering jacks and completing 
multiple, the operations on each call were carried out by a single 
operator who had all necessary controls and connections within reach. 

The multiple board just described evolved in several stages and 
was the product of a number of people working over a period of 
years. In the limited space available only the major contributors and 
a few of the steps in the development can be covered in summary 
form below: 

(i) Basic idea for use of duplicate switchboards — Invented by Firman 
about the end of 1878 and patented in 1882. 

(ii) Means for handling customers not on call-box lines — Circuitry and 
jackknife switch invented by Scribner and used in “Universal” switch- 
board of 1879. 

(in) Improved jack capable of more compact mounting — J. C. Warner 
(1882). 25 Later improvements by others to reduce size and cost. 
Compact strip mounting contributed by Richard Freeman in 1884 and 
H. B. Thayer in 1887. 

( iv ) Sensitive and compact drop for switchboard mounting — E. P. Warner 
(1880). 26 Later improvements by others to reduce size and increase 
stability. 

(p) Click test for busy line — Scribner (1883) 27 with improvement by 
J. J. Carty in 1885. 

( vi ) Continuously repeating multiple spread over section made up of three 
positions — Scribner (1883). 28 In this proposal the multiple was used for 
both answering and completing, thus requiring a drop per jack. The 
basic idea of a continuously repeating multiple was a permanent 
feature of future boards, but Scribner's proposed layout of drops 
and cords was impractical. 

( vii ) Separate answering jacks distributed over the entire board with only 

25 J. C. Warner; U.S. Patent No. 281,741; filed June 8, 1882; issued July 24, 1883. 

26 E. P. Warner; U.S. Patent No. 232,093; filed April 14, 1880; issued September 7, 1880. 

27 C. E. Scribner; U.S. Patent No. 330,060; filed October 22, 1883; issued November 10, 
1885. 

28 C. E. Scribner; U.S. Patent No. 330,062; filed November 10, 1883; issued November 10, 
1885. 
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a portion before each operator — J. A. Seely (1885). 29 This proposal 
more than doubled the number of completing jacks that could be 
placed within any operator's reach. 

Most of these improvements were incorporated in the 1888 Cort- 
landt switchboard in New York City, the largest board built up 
to that time. The planned capacity of this board, pictured in Fig. 
6-13, was over 10,000 lines. An interesting aspect of this board was 
that it was designed originally for ground-return circuits but during 
construction it was decided to change it for use with metallic lines. 
It was accordingly modified and rewired to provide the necessary 
extra contacts and circuitry. This contribution by C. E. Scribner and F. P. 
and J. A. Cook resulted in the first major switchboard for metallic 
circuits. 30 

With the Cortlandt board, the basic design of multiple magneto 
boards was nearly completed. The final steps were taken about 1890 
to 1892 and most were incorporated in the Albany, New York, 
board of 1892. As the number of multiple sections were increased, 
difficulty was experienced with the many series contacts required by 
previous designs. Scribner, with the assistance of J. A. Steiner and 
O. A. Bell, eliminated this problem by designing a "branching" 
system using bridged multiples with high-impedance line signals. 31 
At the same time drops were introduced which were restored to 
normal by insertion of a plug in the answering jack. These "self- 
restoring" drops eliminated the separate hand operation previously 
required. At about the same time (1890) E. M. Barton proposed an 
intermediate distributing frame to provide the easy rearrangement 
of answering jacks to provide for uniform distribution of traffic to 
all operators. 32 


29 J.A. Seely; U.S. Patent No. 330,067; filed March 28, 1885; issued November 10, 1885. 

30 There are some minor discrepancies in the records of this board. Scribner says it was 
built in 1887 but it was not put in use until the following year. While it was undoubtedly the 
largest board built at the time, the full design objective of 10,000 lines was not achieved for 
some years. In 1890 there were about 5,000 lines in use and by 1900, after conversion to 
common battery, the number had increased to 9,000. 

31 Originally, in boards with a single line jack, the line signal was a low-impedance drop, 
normally connected between line and ground, the drop being cut off by spring contacts in 
the jack upon insertion of a plug. The same general scheme was continued when multiple 
jacks were introduced by wiring them in series and using spring contacts to give a normal 
connection through each jack. Inserting a plug opened the contacts and cut off both the line 
drop and all jacks beyond the one in use. The series arrangement became particularly 
complex with metallic boards since excessive crosstalk could occur unless both sides of the 
line were opened when a plug was inserted. The parallel arrangement, with a 
high-impedance line signal that could remain bridged during conversation, simplified the 
boards greatly by eliminating the jack-spring contacts. 

32 Originally, the answering jacks were assigned to the operators' positions in numerical 
order, but it was soon found that the traffic pattern was highly variable with some operators 
under this system being assigned highly active lines and others being lightly loaded. The 
use and structural features of the distributing frame are discussed in Section 3.4.6. 
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Fig. 6-13. Cortlandt board in New York City, 1888. (Rhodes 1929, Fig. 38) 


3.3.2 Common-Battery Systems 

The local-battery, magneto system served well for the first 20 years 
of telephony. The high transmitter current provided the loud output 
required to converse over high-attenuation transmission systems and 
the signaling system was simple with the high-voltage, low-frequency 
magneto source of current being well adapted to the poorly con- 
structed, high-resistance loops commonly used. Without these features, 
the growth of telephony might well have been slower and less wide- 
spread. But this system had important disadvantages from the stand- 
point of both user and the telephone administration. The batteries 
on the customer's premises were, up to the late 1890s, of the wet 
type and were not only bulky but used fluids which were damaging 
if spilled. Dry cells, being introduced at this time, were an improve- 
ment from the user's standpoint but were of uncertain life and 
still bulky. With either type of cell, replacement was costly and 
unpredictable. Battery failures caused special trips for replacement 
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or long service outage. The magneto was a reliable device but not 
particularly satisfactory from the user's standpoint since it constituted 
a bulky part of the station set and prevented the use of compact, 
movable stations of the desk type. Its use was relatively simple but 
added specific operations to initiate and terminate a call. The latter 
operation was often forgotten, resulting in long and unnecessary 
tieup of equipment. 

By the middle 1890s, the situation had become more favorable for 
eliminating these nuisances by means of a common-battery system 
that used power sources at the central office for both talking and 
signaling current. Some of the major factors in this change were 
transmitters of greater stability capable of efficient operation on low 
currents, sensitive dc signaling devices operating over a wide range 
of currents, and, finally, well-insulated loops with lower resistance. 
This last item resulted from improved outside plant and also from 
the dispersion of switching offices connected by exchange trunks, 
with consequent reduction in the average length of loop. This was a 
highly significant factor since throughout the manual switching era 
the loop resistance, with normal central-office equipment, was limited 
to a maximum of about 635 ohms. For higher-resistance loops it 
was necessary to use special "long-lines" equipment and for the very 
longest loops there was no substitute for the local-battery, magneto 
system. Thus the transition to common battery was necessarily 
carried out over a long period. In the large cities, with short 
loops, it was relatively fast, depending largely on growth and prac- 
tical replacement rates. In the smaller towns and rural areas, complete 
changeover to common battery was not practical and combination 
switchboards that could handle either system were commonly used 
well beyond the 1920s in order to service rural and other stations 
beyond the range of common-battery operation. It is interesting to 
note that the Western Electric Company Bulletin 1017 (of about 
1911) states: "In the small plant of 100 lines or less, with a prospect 
of a small future growth, there is no question but that the local 
battery system should be used. It is also just as certain that in the 
larger plant of 500 lines or more, central battery equipment will be 
more profitable." For situations with uncertainties about future growth 
they suggested the use of a convertible board which could start 
out as a local-battery system and be changed to common battery 
when conditions were more suitable. 

The development of the high-capacity common-battery switchboard 
occurred over a period of several years. A few early experiments 
were made in the late 1880s but significant commercial installations 
were not made until the 1890s, some of the important early steps 
being listed below: 
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Date 

Location 

Type of 
Board 

Type of 
Signal 

Signaling 

Current 

Talking 

Current 

1893 

Lexington, 

Mass. 

Non- 

multiple 

Drops 

Common 

Battery 

Common 

Battery 

1896 

Worcester, 

Mass. 

Multiple 

Lamps 

Common 

Battery 

Local 

Battery 

1897 

Louisville, 

Ky. 

Multiple 

Lamps 

Common 

Battery 

Common 

Battery 


One of the great improvements accompanying the common-battery 
board was the use of miniature incandescent lamps in place of drops 
for giving both line and clearing- out signals. These were more readily 
seen by the operator, occupied less space on the board, and avoided 
the noise and confusion due to the falling and restoring of drops. 
They were used with jack control circuits which eliminated the need 
for any operator action for restoration to normal. The use of lamps 
was first proposed by J. J. O'Connell of the Chicago Telephone 
Company and received limited use on a local-battery board in that 
city in 1894. But the Worcester and Louisville boards marked their 
first major application. Their use, it should be noted, was dependent 
on the availability of suitable control relays operable over a wide 
range of line current. This was necessary since the lamps available 
at the time operated over only a relatively small range of currents 
and could not be used with any degree of satisfaction in series 
with a line. 

A major problem in the use of a common battery was to devise circuits 
for supplying a large number of lines without annoying crosstalk between 
them. Figure 6-14 shows schematically two schemes which were devised 
about 1896 for this purpose. The one shown in Fig. 6-14a, invented by 
Hammond B. Hayes of the American Telephone and Telegraph Company, 
used a repeating coil (transformer) and introduced a relatively small series 
resistance in the battery supply circuit. The large mutual impedance of 
the repeating coil was in series with the battery and minimized the trans- 
mission of crosstalk. 33 This circuit was used in the Lexington board and 
the basic principle continued in use in Bell manual switchboards and in 
the panel-type machine switching system. The other scheme (Fig. 6- 14b), 
using bridged impedance coils, was patented by Scribner in 1896. It 
required relatively high-resistance coils since a high impedance was 
needed to avoid transmission loss and reduce crosstalk, there being no 
mutual coupling to assist in this process as in the case of the repeating 

33 The cord circuit used at the far end of the trunk (the B board, discussed later) did not 
utilize the mutual impedance of the repeating coil and other measures had to be adopted to 
control crosstalk. 
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Fig. 6-14. Battery supply circuits for common-battery offices: (a) repeating coil 
circuit; (b) bridged impedance circuit. 


coil. The bridged retard system was used by Bell in its step-by-step 
systems and in all crossbar systems. An important consideration in 
adopting the retard system was that often it was possible to use relays, 
required for switching operations, as battery supply inductors, thus 
achieving a very economical system. A 24- volt battery was commonly 
used with repeating-coil cord circuits except on long-distance calls where 
the voltage was increased to 48 volts where conditions permitted. With 
bridged-retard cord circuits the normal voltage was 48 volts in order to 
compensate for the high resistance of these coils. Even where the bridged 
retard system was normally used, special 48-volt, repeating-coil battery 
supply arrangements were often used on long-distance calls in order to 
achieve a small transmission advantage by means of increased talking- 
battery current. 

Various improvements and changes were made in the early common- 
battery boards, but they had become pretty well standardized by 1900. A 
typical large multiple board of this period is illustrated by Fig. 6-15, and a 
simplified circuit schematic is shown in Fig. 6-16. 

Operation of the manual common-battery board is roughly as follows 
(see Fig. 6-16): A subscriber desiring to make a call merely lifts his 
receiver (A) from the switchhook. This closes the battery circuit from the 
central office through line relay C and lights lamp D placed just above 
answering jack F, thus notifying the operator that a call is waiting. The 
operator then inserts her back plug (E) into the answering jack. This 
completes the sleeve circuit through G and operates cutoff relay H, 
extinguishing lamp D and supplying talking battery through the repeat 
coil in the cord circuit. She connects her telephone set (K) through a key 
(not shown), determines the desired number, makes a busy test, and 
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Fig. 6-15. Overall view of large common-battery switchboard, circa 1900. 



Fig. 6-16. Simplified circuit schematic of common-battery board. (Rhodes 1929, Fig. 44) 
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connects to the called line through the multiple by means of her front 
plug. Ringing current is sent out by depressing a ringing key (not shown). 
The cord circuit includes two supervisory lamps (J) associated with the 
two plugs. Each lamp is connected to battery through the cord circuit 
but controlled by supervisory relay I so that it is extinguished when the 
associated plug is connected to an off-hook subscriber and illuminated 
when the subscriber is on-hook. 34 Thus the operator can determine 
through the lamp signals when the called party answers and when either 
party hangs up. Repeated switchboard operation causes a flashing 
supervisory lamp, thus indicating the need for assistance. 

Long before this point many readers may have decided that the above 
description far exceeds their interest in manual boards. For such readers 
let us merely point out that by 1900 complex operating procedures (as 
required with early boards) had been reduced to a few simple manual 
operations controlled by lamp signals. Each call was completed by 
inserting two plugs in appropriate jacks and operating a listening and 
ringing key. Complex circuitry performing a number of automatic opera- 
tions had reduced the complexity of the operator's procedures. We should 
also note that the user's operation had been reduced to the minimum 
effort ever achieved. He merely lifted his receiver and verbally informed 
the operator of his wishes. When switching was automated, the need for 
adding dialing to the user's effort was a matter of considerable concern 
to some telephone administrators. Fortunately the user recognized the 
need as valid and other benefits from automation helped to compensate 
for the nostalgic days when the operator gave personal service in 
response to verbal requests. 

3.3.3 Large-Exchange Systems 

So far we have discussed the boards applicable to a single-office 
exchange. In a common-battery board of this type, such as the No. 1A 
introduced in 1897, the operator answered calls through answering 
jacks placed within her reach near the bottom of the board 35 and com- 
pleted them through the subscriber's multiple placed above the answer- 
ing jack. In multioffice exchanges, completion to distant offices was 
over trunks with access by means of jacks placed above the answering 


34 Relay I, when operated, does not cut off all current from lamp J but reduces it by a 
shunting resistance to the point where it is not visible. By keeping the lamp warm during 
the "off" condition, it responds more rapidly to intermittent signals. 

35 Initially there was only one answering-jack appearance for each subscriber line. Later 
(about 1907) they were multipled so each appeared in several sections of the board, but one 
appearance was always designated as first priority for answering. With this arrangement a 
momentarily overloaded operator could be relieved by a less busy one at another section. In 
addition, in a light-traffic period one operator could handle a large number of answering 
jacks without leaving her position. 
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jacks and below the multiple. The trunk jacks were multipled through 
the various sections of the board so as to be available to all operators. 
In such offices it became desirable to concentrate the incoming trunks 
from all offices in special operating positions used only to complete calls 
from the distant offices. These positions were designated the No. IB 
board and were equipped with subscriber multiple jacks only, the 
incoming trunks being terminated by cords and plugs on the key shelf. 
These two types of boards came to be known by the shortened designa- 
tion of A and B boards and the same designations were used for opera- 
tors, i.e., an A operator was one who answered calls, and a B operator 
completed calls from an incoming trunk. A and B board positions can 
be compared by referring to Figs. 6-17 and 6-18. 

The arrangement just described (using an A board having answering 
trunk and completing jacks) was usually equipped with a subscriber 
multiple for up to about 8,000 lines. However, as the number of offices 
increased, more space was required for trunk jacks and less space was 
left for the subscriber multiple. If this trend had been continued without 
limit, the line capacity of offices would have been reduced, thus 
adding to the number of trunks required. To avoid this situation it 
became the practice in large cities to eliminate the subscriber multiple 
in the A board and trunk all calls to a B board, even those originating 
in the same office. 36 This scheme provided space for a very large number 
of trunk appearances and at the same time made it possible to increase 
the size of the subscriber multiple to 10,500 lines since completing jacks 
appeared only at the B board where all the space on the face of the board 
was available for this purpose. This arrangement became standard in 
large cities. The small exchanges continued to use A boards with sub- 
scriber multiples, the choice between the types of boards being de- 
termined largely by economic factors. 

Communication between A and B operators was initially by means of 
call circuits. With this scheme, a separate talking circuit was permanently 
connected to a B operator's telephone and extended to all A operator 
positions at all offices having access to the trunks terminating in front 
of the B operator. The A end of the call circuit was normally open but 
could be connected to the A operator's telephone by operating a push- 
button key. Each A position had access to a call circuit to each office 
for which it had trunks. The call-circuit buttons were grouped together 
at the left of the position, as shown in Fig. 6-17. Operation was as follows: 
The A operator upon answering a call determined the office and the line 
number desired. She then depressed the appropriate call-circuit button, 

36 In a metropolitan area, such as New York City, as many as 90 percent of the calls 
originating in an office were to subscribers in other offices. Obviously, the retention of the 
A-board multiple in order to complete 10 percent of the calls would provide only small 
benefit at a high cost. 



Fig. 6-17. No. 1 switchboard — "A" position. Fig. 6-18. No. 1 switchboard — "B" position or trunk section. 
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waited until the circuit was idle, and then by voice passed the name of 
the calling office and the number in the called office to the B operator. 
The latter observed her trunk cords, selected an idle one, and gave the 
trunk number to the A operator. While the A board connection was 
being made, the B operator tested the called number for busy and, if 
free, completed the call by inserting the trunk plug into the appropriate 
line jack, following which she rang the called party. 37 Status of the call 
was indicated by lamps so that verbal communication was kept to a 
minimum. Supervision remained the responsibility of the A operator, 
her cord signals being controlled by the connected subscribers. When 
she took down her cord, the B operator received a signal and discon- 
nected the trunk from the called line. 

About 1924, a number of cities had grown to the point where call 
circuits between A and B operators became unwieldly and the "straight- 
forward” system, which used the trunk itself for operator communica- 
tion, was introduced. Additional circuitry was added so that the A opera- 
tor could determine which trunks were idle. She then selected one of 
these and at the far end the B operator's set was connected (either 
automatically or in response to a light signal). As soon as this occurred, 
the A operator received a tone signal and passed the called number 
orally. It was not necessary to pass the calling office name with this 
system since the A operator had already selected the proper trunk. Com- 
pletion of the call and supervision were the same as with call circuits. 

Direct trunking between A and B boards was satisfactory for most 
exchanges but trunks to distant offices, in large metropolitan areas, were 
often used inefficiently because of the light traffic between remote 
areas. 38 To solve this problem, the tandem principle (discussed in 
Section II) was introduced about 1908. This required the use of a third 
type of board, to switch incoming to outgoing trunks, interposed 
between the A and B boards. Functionally, these "tandem" boards were 
very simple since they were only required to establish connection 
between a relatively small number of incoming and outgoing trunks. 
However, the early tandem boards, using call-circuit trunking, intro- 
duced operating complications and other problems because the most 
practical operating method involved the A operator passing the called 

37 Originally, manual ringing was employed at the B board as well as the A board but 
about 1915 the B cords were equipped for automatic ringing. With this arrangement, 
ringing automatically started when the plug was inserted in the jack and stopped when the 
customer answered. On party lines the proper ringing selections were made by manually 
operating appropriate keys prior to making the jack connection. If the party was busy, the 
trunk plug was inserted in a "busy" jack which sent a busy signal to the calling subscriber 
and the A operator. 

38 Section 3.6 discusses the manner in which the amount of traffic affects the number of 
trunks required between two points and the efficiency with which the trunks can be used. 
As indicated in that section, considerable penalties result from the use of small trunk 
groups. 
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number to the tandem operator after being assigned a tandem trunk. 
The latter operator, in turn, obtained a completing trunk assignment 
from the B operator and passed the number to the latter who completed 
the connection. This tandem operation involved a considerable amount 
of additional operating time and the second repetition of the number was 
a potential source of error. 

Tandem operation was made much more practical by two develop- 
ments in the early twenties. One was the introduction of semimechanical 
tandem offices and the other was straightforward trunking. The former 
will be discussed in Section 4. 3. 5. 3 but the benefits of straightforward 
trunking are properly noted here. With its use, the operating functions at 
the tandem board became very simple in the ultimate state of develop- 
ment. Incoming trunks terminated in cords and were selected by the A 
operator who received a signal when the tandem operator was connected 
by automatic circuitry. The A operator passed only the name of the 
called office and the tandem operator made the connection, her telephone 
being automatically disconnected when she did so. The call was then 
handled by the A and B operators in the same manner as with direct 
trunks . This simplified procedure reduced errors by eliminating the need 
for number repetition, increased greatly the number of calls per hour 
handled by the tandem operator, and resulted in a tandem board rela- 
tively uncomplicated in appearance (Fig. 6-19). 

Tandem trunking, although requiring a third operator, brought about 
a number of benefits in large exchanges. Trunks were used more effi- 
ciently between offices with low traffic and even though direct trunking 
was continued on high-traffic routes, tandem trunks provided a means 
for handling overflow traffic on these routes and were often used for light- 
period traffic in order to concentrate operation at a few positions. Tandem 
operation also was used to replace toll board operation on short hauls, 
the A operator, in this case, doing the timing and ticketing. By 1930, 
some 20 tandem boards had been installed in the Bell System, of which 
five were in New York City (two of these were mechanical and three 
manual). In a few cases, two tandem boards were interposed between 
the A and B board but this "double tandem" operation was not a com- 
pletely satisfactory scheme with the art of the 1920s and 1930s because of 
the additional call setup time, and greater chance for error. In addition, 
very low-loss trunks were required to provide satisfactory transmission 
on double tandem calls. 

The preceding material has described the basic features of the common- 
battery manual boards introduced in standardized form beginning about 
1897. The No. 1 board, produced at that time, and its successors continued 
in wide use for well over 40 years. While the basic principles remained 
much the same over this long period, many features were introduced to 
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Fig. 6-19. Manual tandem board. 

reduce cost by simplifying apparatus components, improving manufac- 
turing methods, and simplifying operating procedures. Some of the last, 
such as straightforward trunking, have already been mentioned. Other 
important steps were the introduction of machine ringing, automatic 
connection of the operator telephone, and audible "ring-back" to inform 
the calling subscriber that ringing was in process. For those interested 
in further details of Bell System switchboards during this period, their 
characteristics are summarized in Fig. 6-20. 

In closing our discussion of boards used for exchange switching we 
should mention that unlike toll boards, discussed in Section 5.4, they 
commonly used one-way trunks. It is obvious that trunks between offices 
A and B are required for traffic originating in each office and in theory 
the same physical facilities could be used for calls originating at either 
office. This "two-way" operation uses the circuits very efficiently 
(particularly on light-traffic routes) and was quite commonly used on 
long-distance circuits during the first 50 years of telephony. However, 
signaling is either complicated or slow and on local calls the use of one- 
way trunks has been the usual practice, particularly with common- 
battery systems. With this scheme, physically separate trunk-groups 
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Code 
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Cord 
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1897 
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24 
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Lamp 
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8 


1902 
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36 * 

Manual 
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Lamp 

Lamp 







Line Ckt. 

Series 

Jacks 


9D 


1903 

800 

24 

Manual 

Bridged 

Magnetic 

Magnetic 







Imped. 
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Jacks 


9C 


1905 
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38 

Manual 

Bridged 

Magnetic 

Magnetic 







Imped. 
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(In Key— 








Jacks 

Shelf) 

10 


1906 
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24 
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Repeat 
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Lamp 
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24* 
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Repeat 

Lamp 

Lamp 




10,500 



Coil 




Automatic Listening, Audible Ringing 




ID 


1918 

3,000 

24* 

Manual 

Repeat 

Coil 

Lamp 

Lamp 

11 


1924 

A = 4,000 1 

24 

Machine 

Repeat 

Lamp 

Lamp 




B= 10,500 



Coil 




Prepay coin, 

MR, Service Observing, Call Indicator (Type 

E) Automatic 


Listening, Manual Ringing Start and Key Listening (Type G), False 


Recall, Automatic Peg Count, Call 

Distribution (B). 



12 


1932 

640 + 

48 

Manual 

Bridged 

Lamp § 

Lamp 







Imped. 

Series 

Jacks 



* 48 V on toll cords 

t 7,200 (1927), 10,500 (1929) - A board 

♦ 1,400 (1935), 2,000 (1938) 

§ Lamps (1,000 ohms) in line — no line relays 

Fig. 6-20. Characteristics of Bell System common-battery manual switchboards. 

are used for traffic originated at the two ends. With high-density traffic, 
common in exchange service, there is little loss in efficiency and a 
considerable simplification in signaling. The use of tandem service tends 
to eliminate the few cases where light traffic would make two-way 
trunks preferable. 

3.3.4 Supplementary Switchboards 

The switchboards just described provided the backbone network for 
exchange communication. In addition to these boards, a communication 
system requires supplementary facilities to provide functions related to 
but not always involved in establishing a communication path. These 
special-purpose switchboards, commonly referred to as desks, are used 
to provide information and intercept service, supervision of performance, 
and maintenance of lines and service. 
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The information desk is used when the subscriber needs a number not 
listed in the directory available to him. In the early days the switching 
operator provided this information but since about 1910 it has been 
handled by special operators to whom the subscriber is switched by the 
A operator. The No. 1 and No. 2 information desks are shown in Figs. 
6-21 and 6-22, respectively. It will be noted that the latter uses rotary 
card index files. Such files provide a quick and more readily updated 
source of information than the books used at the No. 1 desk but require 
much more space and are impractical for covering very large cities. 

Intercept desks, as illustrated in Fig. 6-23, are used to provide informa- 
tion to the user on changes in service made subsequent to the latest 
directory issued. When a line has been temporarily or permanently dis- 
connected, the number changed, or if for any reason the directory in- 
formation is not valid, the line jack is marked in the multiple (by a closure 
plug or similar arrangement) and the A operator switches the call to the 
intercept operator. By inquiring the number called, she can determine, 
from her file of all lines so marked, the status and inform the caller 
accordingly. 

The chief operator's desk (Fig. 6-24) provides a turret by means of 
which she can talk to supervisors over her telephone or can monitor the 
work performed by operators and supervisors. Supplementing this form 
of supervision is the use of routine service-observing carried out by 
means of either permanent or portable desks. These desks provide 
facilities for an observer to monitor preselected lines in the office to 
determine performance such as time for operator to answer, time to 
perform switching operations, ringing, etc. 

Maintenance is carried out with the use of the two desks shown in 
Fig. 6-25. All calls reporting trouble are routed through the desk of the 
repair clerk who records the complaint, selects the maintenance card 
for the line, and passes the material to the test man at the local test desk. 
This desk is equipped with a volt-milliammeter and other facilities to 
determine the state of the line. If more detailed tests are required or if 
circuit changes are to be made, these are carried out by a craftsman in the 
frame room under direction of the test desk man. Communication 
between them is by telephone set or loudspeaker system. The test desk 
contains the necessary keys and jacks for communicating with the frame 
room, various supervisory personnel, local and toll switchboards, and 
other test desks. 

3.4 Apparatus Components 

So far we have been discussing switching principles and, very broadly, 
the switching and signaling arrangements required for their implementa- 
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Fig. 6-22. No. 2 information desk. 
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Fig. 6-23. Intercept desk. 



Fig. 6-24. Chief operator's desk. 
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Fig. 6-25. Repair clerk's and local test desks. 


tion. From this discussion it will be apparent that the evolution of these 
systems from crude arrangements requiring complex operating methods 
to the compact and efficient switching systems of the early 1900s was 
highly dependent on the development of new and improved apparatus 
components. While some of these have been mentioned in general terms 
during the preceding discussion, further details may be of interest to 
many readers and will be covered here. 

At the time of Bell's invention, electrical communication apparatus 
consisted largely of that required for telegraph operation, and for the 
simple signaling systems used in homes and public buildings to 
announce visitors, summon assistance, or report emergencies. The 
apparatus used, other than the telegraph transducers, consisted largely 
of pushbutton switches, vibrating bells, annunciators to record signal- 
ing operations, and relays to extend communication range by providing 
means whereby weak currents attenuated by passage over long lines 
could control the high current (supplied locally) required for operating 
audible or visual signaling devices. 39 Current for operating these devices 
was furnished by many forms of primary batteries. 

Connections between apparatus components were commonly made 
on a more or less permanent basis by means of soldering or screw 

39 Relays were, as used at this time, a form of regenerating amplifier which was practical 
for signaling purposes long before means became available for the amplification of the 
weak and complex voice currents of telephony. 
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terminals, although simple switching arrangements were occasionally 
used, both in telegraph systems and laboratory equipment, employing 
rotary switches or metal-peg connectors that could be plugged into 
holes in heavy brass blocks. 

All of these devices were employed in early switching systems but, as 
in the field of transmission, it was soon found necessary to modify them 
to meet telephone demands and ultimately to invent completely new 
apparatus. The new requirements arose because of the need for providing 
new operating functions, as well as achieving greatly reduced size and 
cost and a degree of reliability far beyond that of pretelephone equip- 
ment. The evolution of some of the components which entered into the 
sophisticated manual switching systems used after about 1890 is 
described below. 

3.4.1 Plugs and Jacks 

Although metal pegs had been used for some time in making 
temporary connections, the true prototype of the telephone plug and 
jack combination was Scribner's jackknife switch. A photograph of this 
apparatus is shown in Fig. 6-10 but the cross section, shown in (a) of 
Fig. 6-26, will perhaps clarify the mechanism. The basic principle 
was that in the normal state a circuit was closed through the con- 
tacts shown. Inserting a plug opened this circuit by moving the jack- 
knife blade, and established a connection between the frame and the 
plug. Thus this arrangement went beyond the earlier peg connectors and 
opened a simple, normally-closed switch when the plug or peg 
was inserted. Considerable improvement over Scribner's device 
resulted from J. C. Warner's 1882 invention of the plug and jack illustrated 
in (b) of Fig. 6-26. 40 At first this provided only a space reduction, the 
function performed being much the same as the jackknife switch, i.e., 
making a simple connection and performing a signal-related switching 
operation. But the basic design was capable of modification so as to make 
multiple connections and operate several switching contacts, as shown in 

(c) of Fig. 6-26. In addition, by reducing the diameter of the plug, 
rearranging the terminals, and mounting the jacks in strips [as shown in 

(d) of Fig. 6-26], it became possible to reduce the required switchboard 
space. Ultimately, two sizes of jacks became standard, each capable of 
making three connections designated tip, ring, and sleeve. The first 
two carried the metallic transmission circuit and the last the signaling 
circuit used within the central office. Some characteristics of these jacks 
and their associated plugs are given below: 

40 J. C. Warner; U.S. Patent No. 281,741; filed June 8, 1882; issued July 24, 1883. 
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Jack 

Spacing 

(In.)* 

Jack 

No. 

Date 
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Plug 

Diam 

(In.) 

Plug 

No. 

Date 
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and Ring 

7 /l6 

49 

1897 
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92 
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0.20 
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92 
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0.20 
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* Minimum horizontal and vertical distance between axes of the jacks. 

It was the 92-type jack that made it possible to build a switchboard 
multiple with 10,500 lines within the reach of an operator. 41 When the 
three-conductor jack was introduced about 1891 to provide for 2-wire 
(metallic) transmission, there was some difficulty in providing satisfac- 
tory insulation and avoiding clicks as the plug was inserted in the jack 
since there was a tendency to bridge over between the various jack 
contacts. The plug profile finally adopted is shown in (e) of Fig. 6-26. 
Illustrated is the relative diameter employed for the various contacts 
and the method of insulation. This plug used an insulated metallic band, 
called a “dead collar," between tip and ring, that acted as a spacer to 
prevent simultaneous contact between jack springs as the plug was 
inserted. Use of the metallic band also avoided the excessive wear 
which occurred on previous plugs using a wide collar of hard rubber. 

At one time, jacks were one of the highest production items of the 
Western Electric Company. In 1917, for example, about 14,000,000 jacks 
were manufactured, about three-quarters of them being of the 92-type 
mounted in strips of 10 or 20. 

3.4.2 Keys and Switches 

Although some switching operations were performed by plugs and 
jacks, it was necessary to use manually operated switches to perform 
a number of short-term operations. The apparatus used usually was 
referred to as a key and was operated either by a lever or a push- 
button. The former provides great flexibility since it can be arranged 
to have three positions, e.g., center (neutral), forward, and back. It 
also can be arranged to be restored to neutral when pressure is 
removed or to remain in an operated state until manually restored. 

41 The 0.20-inch-diameter plug was the smallest used in Bell switchboards. Smaller 
diameters, permitting larger-capacity boards, have been used abroad but were not favored 
by the Bell System because of increased wiring and maintenance problems. 
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The first lever key was introduced in the Bell System about 1888 and is 
illustrated in (a) of Fig. 6-27. Operated in one direction this key con- 
nected the operator's set to the cord circuit and in the other direction 
it sent out ringing current. Later, when selective ringing was introduced, 
additional types of keys were needed and a smaller and simpler 
version, the 102-type shown in (b) of the figure, was introduced so that 
two could be installed one behind the other on the keyshelf. Still later, 
vertical springs were introduced, as shown in (c) of Fig. 6-27, to give 
more efficient utilization of keyshelf space. Space requirements and 
flexibility of use were further improved with the A-type key, introduced 
in 1912 and illustrated in (d) of Fig. 6-27. This was known as the 
universal-type key since a relatively small number of piece parts could be 
assembled so as to give a wide variety of switchleaf pileups of either 
the locking or non-locking type. A pushbutton variety also was intro- 
duced and the individual keys of both lever and pushbutton type 
could be assembled in a mounting plate in any desired combination, as 
illustrated in (e) of the figure. 

The universal keys proved so useful that they were used in large 
quantities for many years and this general type still is being manu- 
factured in small quantities. Before leaving this subject, we should note 
that the structure, consisting of a pileup of appropriately shaped 
flat springs with suitable contacts, was quite similar to, but more 
complex than, the jack structures. 

3.4.3 Annunciators or Drops 

The main purpose of plugs, jacks, and keys in the early switchboards 
was to provide the mechanism for establishing talking paths between 
calling and called subscribers and between subscribers and operators. 
However, they also formed part of the complex system which conveyed 
the various signals required for controlling the switching functions. 
Perhaps the most important single device used in early boards for 
signaling was the annunciator or drop. 42 These devices came into 
existence long before telephony, being used in large call-bell systems to 
indicate the particular source of the call. They were used without change 
in early switchboards but were soon modified to meet the special 
requirements of telephony for small size, operation on low current, and 
freedom from mutual interference when mounted in close proximity. 

The basic operating scheme is illustrated in Fig. 6-28. A small plate, 
hinged at the bottom, was normally held in a vertical position by means 
of a latch. A current through the electromagnet pulled up an armature 

42 T^* ese devices were originally referred to as "annunciators" in the United States and 
indicators" abroad. For reasons that will become apparent, they were also referred to as 
shutter drops and soon the short term "drops" became universally used. 
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Fig. 6-28. Typical latch-type drop. 


at the rear of the drop, lifting the latch arm and allowing the hinged 
plate to fall forward. This notified the operator that her assistance 
was required in establishing a call or in disconnecting it, depending on 
the drop location in the line or recall position. After taking the 
necessary action, the operator reset the drop manually to the normal 
position. Many variations were introduced. E. P. Warner in 1880 43 
invented a drop without a latch which depended on the drop being 
pivoted so that the normal position was a few degrees back of vertical. 
The electromagnet pulled the drop plate forward past the vertical, caus- 
ing it to fall under the force of gravity. This was a highly sensitive drop 
but subject to false operation due to air movement or slight mechanical 
blows. In 1889, J. C. Warner 44 invented a latch mechanism which re- 
quired only small magnetic forces to actuate and he also provided a soft- 
iron shell around the electromagnet. The latter acted as a shield, thus 
preventing false operation through inductive coupling between adjacent 
magnets. The shell also improved the magnetic circuit and, together with 
the improved latch, provided a very sensitive and stable device. 

Later, electromagnetic signals were used in which current in the 
magnet lifted a small target which remained visible as long as the cur- 

43 E. P. Warner; U.S. Patent No. 232,093; filed April 14, 1880; issued September 7, 1880. 

44 J. C. Warner; U.S. Patent No. 477,616; filed June 17, 1889; issued June 21, 1892. 
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rent flowed. There were several types of these signals but for convenience 
we shall refer to all of them as "self- restoring drops." Various forms of 
control were used. In some cases they were actuated directly by line 
current. In other applications the drop was actuated by a spurt of ringing 
current and locked itself in place by closing contacts when the target was 
pulled up. A locally supplied current held the target in place until opera- 
tion of a jack or key by the operator opened the local circuit. Such a drop 
is shown in Fig. 6-29. Self-restoring drops were not used extensively 
since the switchboard lamp, to be described later, proved a much more 
satisfactory indicator. 

3.4.4 Relays 

The relay was originally very similar structurally to the drop but 
functionally very different. It was invented by Morse and covered by his 
original telegraph patent. In his conception it provided a means for 
extending the range of telegraphy. He realized that telegraph currents 
were attenuated by the resistance of the lines as they were extended, 
and as the current approached the minimum actuating point a relay was 
introduced. This device, activated by the weak incoming signal, closed a 
contact which sent out a new high-level current from a local source. This 
same principle of using a small current to control one or more larger 
ones was the main purpose for which the relay was used in telephone 
signaling for many years. 45 

45 The relay proved a very versatile device and later became a part of “counting" and 
other "logic" circuits which are an essential part of machine switching and computer 
systems. In these latter applications, electronic counterparts have now superseded the 
mechanical relay to a very large extent. 



Fig. 6-29. Self-restoring drop. 
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Morse's original relay was a ponderous device weighing several 
hundred pounds and, although much simplified by Alfred Vail and 
others, it was still a large piece of apparatus weighing 3 to 5 pounds in 
the early days of telephony. With the advent of common-battery 
service and machine switching, large numbers were required for 
telephony 46 and obviously devices of small size, low weight, and 
high efficiency were needed. By the 1920s, the weight of a telephone 
relay had been reduced to about 3V2 ounces with corresponding 
improvements in size and efficiency. 

One of the earliest forms of relay, used in the Worcester, 
Massachusetts, board of 1896, is shown in Fig. 6-30a. This device, 
employing a reed-type hinge for the armature, was very rugged but 
rather insensitive and slow to operate and was, accordingly, unsuitable 
for line and supervisory relays that needed to follow the switchhook 
rapidly. To meet the special requirements for these relays, one using a 
knife-edge armature support was developed. The schematic of this relay, 
shown in Fig. 6-30b, also serves to illustrate the basic principles of 
relay construction. In this figure, T 3 and T 4 are the terminals for the 
control current which through winding W on core C provides the 
magnetic force to pull up armature A. This, in turn, closes contacts Q 
and C 2 and completes the circuit through terminals T x and T 2 . Photo- 
graphs of such relays are shown in Fig. 6-30c. The lower photograph 
shows a cover used to protect the contacts in some circumstances. 
Fig 6-31a shows a more advanced form of relay in which the armature 
actuates multiple contacts. This particular relay is of the "transfer” type, 
using three layers of springs. One set of such spring-contacts is 
shown schematically in Fig. 6-31b. When the armature is pulled up, an 
insulated stud pushes the middle spring away from the bottom spring 
and brings it in contact with the top spring, transferring the current path. 

Many kinds of relays were ultimately required, involving fast action, 
slow action, high and low impedance, and many contact arrangements. 
Space will not permit further discussion of these many types except to 
note that 50 years after the telephone invention Western Electric was 
manufacturing about 100 basic types of relays which, with various 
contact arrangements, amounted to about 3,500 different kinds. 

Obviously, the mechanical structures illustrated in Figs. 6-30 and 6-31 
did not lend themselves to economical large-scale production to meet a 
variety of needs. Knife-edge supports required much maintenance and 


46 In the 1920s, a typical manual connection involved about 20 relays and close to 150 were 
required in a machine-switched call. Some long-haul calls with several offices in tandem 
involved as many as 300 relays. A typical 10,000-line office required the installation of 
50,000 relays if it were of the manual type and roughly three times as many for machine 
switching. The Western Electric Company production was about 5,000,000 relays per year 
in the 1920s. 
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(c) 


Fig. 6-30. Early telephone relays: (a) reed-armature relay; (b) schematic of single- 
contact relay with knife-edge armature support; (c) implementation of single-contact relay. 
(Shackleton and Purcell 1924, p. 10) 


manufacturing costs were high because of the numerous hand and screw- 
machine operations required. In 1910, E. B. Craft proposed the use of a 
so-called "flat-type" relay largely made up from piece parts produced at 
high speed by means of punch presses. By this time, analytic 
techniques were being used in relay design and had shown that less 
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Fig. 6-31. (a) Early multicontact telephone relay, (b) Schematic of transfer-type relay. 


iron could be used, particularly with new materials such as silicon 
steel. Craft's original sketch proposing the flat-type relay, shown in (a) 
of Fig. 6-32, proved to be remarkably prophetic of the ultimate design. 
It involved a return to the reed-hinged armature but by using the 
new materials and analytic design techniques it was possible to meet the 
stringent requirements for line relays. The same structure was used for 
cutoff relays and later a similar arrangement, the D type, was used 
for supervisory relays. The last type required individual covers to serve 
as electromagnetic shields to prevent crosstalk between closely mounted 
relays. For other functions it was possible to use a common cover 
for a multitude of relays. Some of these early punch-press relays and 
their mounting arrangements are shown in (b), (c), and (d) of Fig. 6-32. 

These early flat-type relays were highly successful and about 1915 the 
E-type relay was developed using the same general principle but 
modified to serve as a general utility relay which could use a variety of 
windings and have sufficient magnetic force to operate numerous 
pairs of springs and thus permit an almost unlimited number of contact 
combinations. This relay, shown in Fig. 6-33, was manufactured with 
about 3,000 varieties of windings and spring arrangements. Later the 


Switching and Signaling 


523 


relay was improved by compressing the core portion of the punching 
into a roughly round cross section, thus providing a more efficient wind- 
ing requiring less wire for a given performance. Such relays, introduced 
in 1923, were designated the R type. They were very widely used but 
did not fully supplant the E type. 

3.4.5 Switchboard Lamps 

As indicated previously, the annunciator which antedated telephony 
was modified to meet the requirements for a telephone signal 
indicator. Such telephone "drops" proved very satisfactory in the early 
days of telephony since they were responsive to magneto signals over 
long loops. However, by the middle 1890s, telephony had advanced 
to the point where a new device was needed. The growth of switchboards 
placed a premium on space and a smaller indicator was clearly desirable 
and, as indicator size was decreased, it became important to increase 
the contrast between on and off signals. At the same time the need 
increased for an indicator that was restored automatically as a part of the 
plug-jack connecting operation. This need arose not only to save operator 
time and effort but also because of the difficulty of using manual 
restoration on the compact indicators required on boards serving large 
numbers of subscribers. A miniature electric lamp seemed to be the ideal 
replacement for the drop. However, it had several inherent disad- 
vantages. It could not be substituted directly for the drop on a magneto 
line since the short spurts of current from the magneto would give at 
best only a flash of light that would not readily be detected by the 
operator. 47 In addition, the light intensity varied greatly with the current 
through the lamp and hence was highly dependent on the resistance of 
the loop and the intensity of the magneto operation. Fortunately, 
these problems were readily solved in the common-battery offices that 
came into use in the late 1890s. These offices required sizeable power 
plants to supply the talking and signaling power and the burden of 
powering small lamps was not too severe. The loop signaling current 
varied so greatly with loop resistance that it could not be used directly 
for operating lamps 48 but, fortunately, relays were available that operated 
over a wide range of current and these could be used to control lamp 
signaling circuits as described in Section 3.3.2. 

Lamps were used as switchboard line signals as early as 1894. 49 In 

47 Lock-up circuits could have been used, as they were with self-restoring drops, but this 
required relay arrangements which were more compatible with common -battery than with 
local-battery offices. 

48 In some cases it was possible to use lamps as line signals by placing them in series with 
a loop but, generally speaking, a relay-type line signal was usually required. 

49 The use of lamps was first proposed by J. J. O'Connell of the Chicago Telephone 
Company. The original suggestion, in 1888, covered a burglar-alarm application. About 
1890, he used a lamp in a trunk-signaling circuit. 
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(a) 

Fig. 6-32. Early flat-type relays, (a) E. B. Craft's original sketch embodying his 
invention of the flat-type relay, (b) First punched-frame (flat-type) relay, (c) B-type 

relay, (d) Mounting plates for strip of flat-type relays. (Shackleton and Purcell 1924, pp 
16-18; Mead 1926, p. 84) 
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10 E-TYPE RELAYS ON 737 B MOUNTING PLATE 
Fig. 6 -33. The E-type (universal) flat relay. 


addition to designing a rugged, low-powered lamp of small size, it was 
necessary to develop a means for mounting them so that they occupied 
only a small area on the face of the board. Over a period of years several 
designs were developed, as shown in Fig. 6-34. Around 1900 the scheme 
that was to endure for well over 50 years was introduced. 50 This lamp, 
known as the 2 type, is illustrated in Fig. 6-35. As shown, it consisted 
of two main parts, a bulb containing the filament with appropriate lead- 
out wires, and a base which supported the bulb and provided a means 
for making contact with the socket. The bulb itself was about V4 inch in 
diameter and about IV 4 inches long. The base consisted of a small, V- 
shaped, wooden block with two tinned-brass terminals. The latter were 
cemented to the bulb to support it and were soldered to the lead-out 
wires. They also made contact with the socket. The overall size of the 
assembly was about l 3 /4 inches long by 5 /i6 inch in diameter. 

Originally, the filaments were made of carbonized cellulose. This 

50 This type of lamp is still widely used in the 1970s, but much smaller modem devices are 
used where space is at a premium. 






(d) 

Fig. 6-35. Construction details of the 2-type switchboard lamp: (a) Complete lamp 
assembly (above), base and bulb (below), showing brass terminals; (b) constituent parts 
of lamp assembly; (c) carbon-filament lamp; (d) enlarged section of tungsten-filament 
lamp showing method of supporting filament. (Adapted from illustrations in Western 
Electric News of October 1928, article by J. C. Wright in Bell Laboratories Record of 
March 1932, and unpublished manuscript by W. Willenbruch of March 1938.) 
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material has a high resistivity and thus it was possible to use a relatively 
heavy, rugged, self-supporting filament. About 1927, tungsten filaments 
began to be used. Lower resistivity of this material necessitated the 
use of very fine wire which required auxiliary support. The two filament 
materials have very different characteristics. Tungsten produces a visual 
signal over a wider range of applied voltages, is brighter, and withstands 
overload voltages better. It responds more quickly to the application 
of current and hence has better flashing characteristics. Carbon, on the 
other hand, performs better in some circuits which rely on a reduction 
in current for extinction since it will become invisible on current reduc- 
tions which would cause a dim glow with tungsten. 

An important requirement of all switchboard lamps is long life since 
their operation is essential to many switching functions. Lamps are 
designed therefore to be practically a permanent piece of equipment. 

In 1925, about 30 different types of lamps were in regular manufacture, 
designed for nominal voltages from 4 to 48 volts and currents from 0.003 
to 0.03 ampere. 

3.4.6 Terminals and Distributing Frames 

It is apparent that a switching system consists of a large assembly 
of apparatus components. The plugs and jacks of a manual system 
(and the switches of the machine system) are used to make the 
temporary connections required to set up the desired talking path, but 
the remaining elements are more or less permanently wired together. 
In some cases (the telephone plug is an example) screw terminals are 
used for connecting the attached wires but most connections are 
of the soldered type. 51 Many of these remain undisturbed during 
the working life of the component but some flexibility is introduced at 
various points in the system by using terminal strips which, although 
using soldered connections, are designed so that connections can be 
rearranged conveniently. Several strips of the type used in the early 
1920s are shown in Fig. 6-36. Each of these strips has a maple base 
perforated with "fanning holes" through which the wires to each set of 
terminals are fed. This provides an orderly distribution of wires and 
facilitates tracing them when wiring changes are required. On top of the 
base is a pileup of hard-rubber strips slotted to carry the tin-plated 
brass punchings which form the terminals to which the wires are 
soldered. It will be noted that these punchings go through the rubber 
strips and thus provide a means for connecting wires on one side of the 
pileup to those on the other side. 

51 Beginning about 1952, a solderless-type connection was developed that had low 
contact resistance and reliability equal to or better than a soldered connection and this type 
is superseding the earlier arrangements used. 
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Terminal strips are used in many places in a telephone office, 
wherever wiring rearrangements are likely to be needed. Probably the 
most common use is on the distributing frames that provide flexible 
wiring arrangements between the outside cable plant and the switch- 
board jacks (or switches in the case of a machine system). Up 
until about 1890, lines entering an office had been distributed to the 
switchboards by means of connecting wires run in a direct but dis- 
orderly way between the boards and outside conductors (Fig. 6-37). 
The mass of wires became more and more confused as offices grew and, 
in 1891, Angus S. Hibbard invented an arrangement known as the Main 
Distributing Frame, or MDF, to bring order to this chaos. In the mean- 
time, E. M. Barton suggested a similar arrangement, which has become 
known as the Intermediate Distributing Frame (IDF), to provide 
flexibility in distributing subscriber lines to the answering jacks at oper- 
ator positions. 52 In 1892, W. S. Ford and E. A. Lenford invented a 

52 The Hibbard patent, U.S. No. 453,863, was filed February 28, 1891, and issued June 9, 
1891. The Barton application was made March 8, 1890, and U.S. Patent No. 431,962 was 
issued July 8, 1890. 

Fig. 6-36. Various types of terminal strips, (a) No. 183 terminal strip, (b) Strip with a 
large number of terminals, (c) No. 65 terminal strip; staggering of the punchings permits 
close spacing. 




, , , 

1 1 **** *’ <'<*'<* if if? g 

* ***' ***** #*. 

^ ******** , , 



(b) 


(C) 




Switching and Signaling 


531 


framework made up of metal rods and pipes to implement the ideas of 
Hibbard and Barton. The original proposals have been subject to 
refinement over the years but the basic ideas remained unchanged for 
a long time and are still widely used. A typical distributing frame 
consists of a long open structure several feet wide and extending 
over nearly the entire height of the office. A portion of such a frame is 
shown in Fig. 6-38. On one side of the frame, terminal strips of 
the type shown in Fig. 6-36 are mounted in horizontal rows spaced about 
a foot apart. On the other side, similar strips are mounted in a 
series of vertical rows. Horizontal racks run through the center of the 
frame to support connecting wires. Incoming cables are wired 
permanently to one side of the frame and outgoing to the other side. 
Jumper wires, which run vertically and horizontally through the frame 
as required, are used to make the desired connections between incom- 
ing and outgoing cables. If change in the interconnection is desired, 
it is accomplished by rewiring the jumpers. 

The use of distributing frames can be clarified by considering a 
typical application to the manual switchboard used in the early part of 
the twentieth century (a somewhat simplified schematic of the entire 
arrangement is shown in Fig. 6-39). The outside-plant (subscriber) 
lines commonly were brought into the office by underground cables 
which terminated in a vault in the basement, as shown in Fig. 
6-40. Here the paper-insulated cables from outside were spliced to 
the textile- insulated cables used inside the office. The latter were 
terminated on connector strips on the vertical side of the MDF. 53 The 
horizontal side was permanently connected to switchboard multiple 
jacks. 54 Jumper wires were used to connect the two sides, thus making 
possible the connection of any outside pair to any line number. The 
multiple (including the sleeve connection) was also wired to the hori- 
zontal side of the IDF and then jumpered to the vertical side of 
the same frame where the terminals were permanently connected to the 
answering jacks and associated relay equipment. Thus, the IDF provided 
a means for distributing line numbers to the answering-jack locations 
so as to provide each operator with a roughly equal traffic load. 

3.4.7 Other Apparatus Components 

The preceding sections have described briefly some of the components 
used in quantity in switching systems, particularly those of the manual 

53 Line protection equipment, described in Section 5.3.3 of Chapter 4, was mounted on 
the vertical side where it was permanently wired to the cable pairs. 

54 Current practice is described. Early practice was the reverse, i.e., with line wires 
terminated on the horizontal side. Since protectors were on the vertical side, the early 
practice provided some economy in protection, because there were fewer switchboard lines 
than cable pairs, but left unused cable pairs unprotected. 
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Fig. 6-38. Ford and Lenford type distributing frame of early 1900s. 
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Fig. 6-39. Connections through distributing frames. (Redrawn from Miller 1905, p. 321) 


Fig. 6-40. Cable vault. (Gherardi and Jewett 1930, p. 20) 
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type. In addition, there are many other components entering into the 
complete telephone system, some of which are located on the customer's 
premises, others in the outside plant, and still others in the central 
offices. Many of these are described in other chapters where such a 
description seems to best fit into the narrative structure we have 
adopted. 55 Some items such as resistors, capacitors, transformers, and 
so forth have found wide application and, so far as space permits, their 
development will be covered in Chapter 8 (Materials and Components). 

3.5 Standardization 

As we have noted, the first ten years of telephony saw the use of a 
great variety of switching systems. This was undoubtedly very 
conducive to the development of original approaches to switching in a 
new and rapidly developing art. However, it also was accompanied by 
serious disadvantages when establishing an interconnected but 
geographically widespread communication network. In recognition of 
these problems, the National Telephone Exchange Association began, 
in 1880, to hold annual conventions for comparing the experience of 
the many telephone organizations involved and exchanging information 
on their systems and practices. Thus there began at an early date the 
cooperation among telephone workers of the United States that 
still continues. 56 

A significant step towards selecting the most desirable systems and 
standardizing operations was taken when the American Bell Telephone 
Company called a nationwide Switchboard Conference for December 
1897. Two earlier and highly productive Cable Conferences (men- 
tioned in Section 2.3.1 of Chapter 4) gave impetus to this meeting. 
Naturally, the Switchboard Conference did not attempt to establish a 
standardized switching system but it did resolve a number of questions 
and clarified many others. The technique used was to establish the 
basic requirements of a switching system and then to examine the many 
extant systems and evaluate the manner in which they met these 
requirements with respect to efficiency, economy, and permanency. 
Some of the Conference results were: 

(/) Recognition of the need for educating the public in the use of the 
telephone and suggestion of techniques for doing so. 

55 For example, components making up the telephone station set are described in 
Chapter 3 even though some of these such as the magneto and ringer are closely associated 
with the signaling. Protection devices, whether located on the customer's premises or in 
the central office, are covered in Chapter 4 since they are so closely related to the wire plant. 
Likewise, much information on the electron tube is given in Chapters 4 and 5 in order to 
clarify the development of transmission systems. 

56 J. E. Kingsbury, writing in England in 1915, points out that there was no cooperation 
among the companies and administrations operating in Europe. The implication is clear 
that he believed the cooperative approach in the United States greatly advanced the art. 
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(ii) Determination of the amount of effort which could reasonably be 
expected from the customer in establishing a call. (It was agreed 
that switching and signaling should be a responsibility of the 
telephone company and that the work required of the customer 
be kept to a minimum.) 

(iii) Agreement on the need for uniformity of operating procedures 
carried out in a disciplined manner with courtesy. (The 
Conference favored women as operators and the establishment 
of training schools.) 

(iv) Decision that the multiple board be given first preference but 
that other types be considered acceptable. 

(p) Proposals that all new boards be adaptable to metallic circuits 
and that crosstalk in the new boards be reduced by improved 
circuitry. 

(vi) Suggestion of separate answering jacks and distributing lines to 
give uniform operator load. 

(vii) Recognition of the disadvantages of party lines. (The Conference 
suggested lower rates for such service but failed to find a 
feasible economic substitute.) 

It is rather clear that this Conference, which had no authority for 
implementing its suggestions, nevertheless set the pattern which was to 
be followed for many years to come. It is an interesting example of 
how problems of standardization can be handled in a flexible manner 
through the cooperative effort of people motivated to find a preferred 
solution based on a technical approach. 

A number of subsequent Switchboard Conferences were held during 
the 1890s and helped to guide the evolution of the common -battery 
system and other improvements mentioned in previous sections. 

3.6 Traffic Engineering 

Our discussion up to this point has been largely concerned with the 
development of switching “hardware" and with practical ways for 
combining and operating it to meet the needs of a universal telephone 
system. Much of this work was done by a number of highly ingenious 
practitioners of a completely new art relying heavily on invention and 
intuition. But, as in other aspects of telephone communication, science 
began to supplement art in the early years of the twentieth century. 
In switching, science and its handmaiden mathematics first made their 
appearance in the area which can be designated broadly as “traffic 
engineering." 

To most readers the term “traffic" will bring to mind the intermin- 
able flow of automobiles on the highway. To the telephone engineer 
the word has a somewhat similar connotation; but in this technical 
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usage it refers to the flow of telephone messages over the many paths 
they traverse between users. 

Basically, the problem of telephone traffic engineering involves the 
question of how many calls are to be expected over a given pathway 
at a given time and what quantity of telephone facilities is required 
to handle these calls in a reasonable manner. In this definition we 
use the term pathway very broadly to mean a group of trunks between 
two points, an outside-plant route which may in the aggregate handle 
many trunk groups, a central- office switchboard, or any other part of the 
telephone highway which, if inadequately equipped, could act as a 
bottleneck to slow or interrupt the orderly flow of telephone calls. 

The problem arises because telephone calls are originated at the whim 
of the user and there is no way to predict when a particular 
caller "A" will want to talk to another user "B" and precisely how 
long this call will last. Fortunately, typical calling patterns for a group 
of users can be forecast in a general way even though the precise 
prediction of an individual's performance is not possible. Intuitively, 
we feel sure that there will be fewer calls in some parts of the day than in 
others and by supplementing our intuition with traffic counts we can 
determine typically the number of calls through any pathway at any 
given time of day and "on the average" how long calls will last. 

If all calling followed precisely the typical pattern, it would be rather 
simple to determine how large to make our pathways, i.e., how many 
trunks to provide between any two switching points, how many switch- 
board positions to install in our office, and how many operators to 
have on duty during each hour of the day. Unfortunately, things are 
not so easy because the element of chance (or probability) enters to a 
large extent. Not all calls, for example, last the same length of time. 
Some are very short, others last a matter of minutes, and a few will be 
prolonged for an hour or more. Similarly, the number of calls made 
in a given hour is not the same from day to day. It will depend on the 
individual needs of customers, the weather, the state of business, the 
occurrence of unusual events, etc. The best we can do is to obtain by 
observation of "statistical" description of the flow of traffic; that is, not 
only a description of the average number of calls to be expected and 
the average duration but also some measure of the variability of the calls 
which flow over our pathways. With this information and the use of 
the mathematics of probability and statistics, we can obtain information 
which provides a basis for deciding (with the help of good judgment) 
the amount of equipment required to provide a reasonable grade of 
service. The art of making these decisions is the province of the traffic 
engineer and is based on a knowledge of the pattern of traffic flowing 
over the pathway in question and on the application of a traffic mathe- 
matics that is much the same as the mathematics of the statistician. 
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Statistical mathematics is widely used by life insurance actuaries, 
agronomists, gamblers, and many other people dealing with matters 
governed largely by chance. Its use in telephone communication was 
an early application in the business field and represents one with 
enormous cost benefits since an error in engineering telephone equip- 
ment can result in enormous excess costs if supplied too generously 
or in great dissatisfaction to the user if too sparsely furnished. 57 

We shall shortly outline the manner in which traffic mathematics 
evolved; but before doing so it is important to point out the special 
characteristics of the answer provided by the statistician. It is highly 
precise in the sense that it is mathematically correct, but it is always 
presented with qualifications. Since we are dealing with matters 
influenced by chance, the statistical answer can never tell us the precise 
number of trunks (or other pieces of equipment) required to handle a 
given quantity (or pattern) of traffic. It can only tell us the chance, or 
probability, that a given number will be enough to meet our objective. 
As an example, a statistical answer might tell us that, for a given pattern 
of traffic, a specific number of trunks will in the long run be adequate 
to handle 99 out of 100 calls without delay but the implication is 
inherent that, on the average, one call will be delayed. There is a further 
qualification of the answer that should be noted. In our example, one in 
one-hundred calls will encounter delay on the average. This does not 
mean that one will be delayed in every successive group of one-hundred 
calls but that this is the average rate of occurrence in a sample involving 
many hundreds of calls. Any block of one hundred picked at random 
may have no delay or well over the single delay which occurs on the 
average. Refinements of statistical methods provide a means for comput- 
ing the probability of such “atypical" performance but always the 
answer is given not in terms of the specific number of occurrences 
but as the average rate at which an event will occur in the long run. 

By the use of these methods, the traffic engineer can determine the 
grade of service provided by various amounts of a critical facility, 58 
but there is nothing in the statistical method which tells what grade of 
service is adequate. It is for this reason that we have included the 
exercise of judgment among the functions of the traffic engineer. He 

57 The use of the mathematics or probability and statistics in the Bell System was not 
limited to the field of traffic engineering. The power of this tool in solving industrial and 
engineering problems was widely recognized at an early date. In 1928, Thornton Fry 
published his book. Probability and Its Engineering Uses, which remained the classic text in 
its field for many years. In the early twenties, W. A. Shewhart used statistical methods for 
setting up sampling techniques for the inspection of manufactured product which served 
as the genesis of Quality Assurance. (This subject is discussed at greater length in 
Chapter 9.) 

58 As an example, a given traffic pattern which requires ten trunks to give a one in a 
hundred chance of delay will require about 20 percent more trunks for a chance of one in a 
thousand and 40 percent more for one in ten thousand. 
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must choose a performance standard that provides a suitable compromise 
between the high cost of trunks, which goes with excessively high stand- 
ards, and the high chance of busy circuits, which goes with low. The 
former will inhibit usage because of its impact on cost of service 
and the latter because of dissatisfaction and inadequacies of service. In 
the early days of telephony, when telephone circuits were very costly, 
delay was unavoidable and almost all very long-distance calls were 
handled on a delayed basis during the busy time of day. But as circuit 
cost has been reduced, good judgment has dictated a reduction in 
delay until today it is negligible under normal conditions. 

3.6.1 Evolution of Traffic Mathematics 

The first traffic problem was encountered in the design of Coy's New 
Haven switchboard in 1878. As will be recalled, his office had eight 
lines and calls from an incoming line were connected to the desired 
outgoing line by means of switches connected together by what later 
came to be known as transfer trunks. Theoretically, it would have been 
possible to carry out four calls simultaneously if each of the four calling 
lines desired connection to the appropriate one of the remaining four 
lines available in the office. Coy seems to have recognized the very small 
chance that this would occur and, on an intuitive basis, provided 
only two transfer trunks and sets of associated switches. This approach 
was satisfactory for the conditions existing, but as the offices increased 
in size, and the use of interoffice trunks began, traffic engineering 
problems increased and the need grew for deciding on the number of 
switchboard positions to install, the number of operators required at 
various times of the day, and the number of intraoffice and interoffice 
trunks required. In the early years of telephony, most of these decisions 
seem to have been made on intuitive or empirical bases but, since the 
methods used by various telephone engineers were usually considered 
to be proprietary information, there is little detailed material avail- 
able on specific techniques used prior to the turn of the century. 

Up to this time, much work was certainly done to determine the 
rate at which calls were made as a function of time of day, type of 
service, month of year, and so forth. The concept of the “busy hour" 
was adopted very early since observations soon showed that traffic, al- 
though highly variable, tended to follow a reasonably consistent pat- 
tern for any given class of call (e.g., business or residential) and such 
calls reached a peak for a short period during the day. Obviously, 
if satisfactory service was provided for the busiest hour of the day, 
there would be no problem during the remaining period except for 
unpredictable catastrophic events completely destroying the pattern. 
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In 1898, G. T. Blood of AT&TCo, who for a number of years had 
been engaged in traffic studies, made the first recorded attempt to 
apply mathematical methods to the solution of traffic problems. He 
noted a close agreement between observations on the distribution of 
busy trunks in a group and the terms of an algebraic expression 
which mathematicians had shown to be related to the probability of oc- 
currence of certain random events. No records of Blood's studies are 
available and the extent of his work is not known, but in the following 
year M. C. Rorty, then in the Traffic Department of AT&TCo in 
Boston, became interested in this work and in October 1903 prepared 
an internal paper describing mathematical means for preparing curves 
that could be used for solving some of the common traffic problems. 
In his own words, "... an attempt has been made to calculate 
the distribution of calls over a short period, such as the busy hour, to 
calculate trunk efficiencies, etc., by means of the mathematical theory 
of probability." Rorty's paper was widely circulated in the Bell System 
and the substance was presented before a meeting of the Chicago Sec- 
tion of the AIEE in April 1905. This seems to be the first pub- 
lished description of the application of statistical methods to telephone 
traffic problems. 

October 1903, when Rorty's paper was prepared, also marked an- 
other important advance in traffic engineering. At this time, AT&TCo 
issued the first comprehensive traffic engineering practice, aimed at 
outlining "Methods to be Followed in General in Preparing a Traffic 
Study on Which to Base the Plans for a Central Office Equipment." 
These notes included advice on measuring traffic characteristics and 
predicting traffic expansion as well as data on the periods to be used for 
initial and long-term engineering studies and some dozen curves for 
determining the size of equipment groups. These curves were probably 
empirical since the use of mathematical analysis was still very new; but 
as the work of Rorty and others progressed, the traffic practices were 
expanded and ultimately became a highly comprehensive, mathe- 
matically based treatise on traffic engineering. 

Returning to Rorty's work, his mathematical derivation was based on 
a number of assumptions, namely, that a fixed number of calls were 
placed at random within the busy hour and that all calls were of the same 
length. These assumptions greatly simplified the problem. Since calls 
were all of the same length and occurred at random, it was only necessary 
to look at a segment of the busy hour equal to the length of a call. Further- 
more, the probability of occurrence of any given call in this interval was 
equal to the call length expressed in hours, i.e., if the call length was 
3 minutes, or hour, the probability of a particular call being made in 
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this interval was one-twentieth. Since the number of calls offered to a 
group of equipment in the busy hour was assumed equal to the average, 
it became possible to compute, by using the binomial expansion, the 
probability of exceeding any number of calls during an interval. Or 
expressed differently, it was possible to compute for a given size of trunk 
group (or amount of equipment) the probability that there would be a 
delay or blocking of calls . 59 

Although his assumptions seem somewhat artificial, the agreement be- 
tween computed blocking probabilities and those determined empiri- 
cally was quite good, and as a result of Rorty's work there was increasing 
recognition of the possibility of predicting aggregate human perform- 
ance in statistical terms even though individual performance was 
random. 

The complexity of the computations required by Rorty's method, and 
the assumptions necessary, stimulated further search for suitable 
techniques for probability computations, and E. C. Molina 60 became the 
main contributor. His first contribution was to restate the problem in 
terms of the user's point of view, namely, "given a certain number of 
calls in the busy hour and a certain number of trunks, what is the 
probability that all trunks will be busy when a particular call is made?" 
He found that Rorty's use of the binomial could, with slight modifica- 
tion, be used to answer this question provided that a further assump- 
tion was made that calls which found all paths busy were delayed and 
ultimately were completed with their normal holding time reduced by the 
amount of the delay. The other assumptions made by Rorty about hold- 
ing time and uniform loading within the busy hour were continued 

59 Only a very superficial discussion of the mathematics of traffic engineering is possible 
without getting into complexities beyond the scope of this book. A few readers may find 
our approach unsatisfactory and for these perhaps some further details of Rorty's 
mathematical approach should be given. In essence, he assumed that the probability of a 
specific call being initiated during a given period was p and the probability of a 
non-occurrence at this time must then be q since p -f q = 1. If the number of calls offered 
during the busy hour is N , the probability of occurrence of precisely 0, 1, 2, etc., calls is 
obtained by substituting the values for p and q in the successive terms of the algebraic 
expansion of the binomial (p -f q) N . 

60 Molina was one of the extraordinary individuals who left a lasting mark on the 
evolution of telephony. He joined the Western Electric Company in 1898 at the age of 21 
with no formal education beyond high school and proved to be a versatile and prolific 
inventor, making important contributions to the development of machine switching, some 
of which will be described later. Molina joined the Research Department of AT&TCo in 
1901 and, during his long career in this company and with Bell Telephone Laboratories, 
contributed extensively to the development and application of traffic mathematics. This 
was made possible by a disciplined self-study of mathematics that led him to become a 
recognized expert in certain fields, particularly in the work of Laplace. In recognition of this 
work and the encouragement and example it offered to young people for self-study, he 
received, in 1952, the Honorary Degree of Doctor of Science from Newark College of 
Engineering, an institution at which he taught mathematics until 1964, some 20 years after 
his "retirement" from the Bell System. 
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since they appeared to have little effect on the result; but Molina 
noted that the normal approximation for the binomial summation (as 
used by Rorty) was not reliable when the probability of finding 
all trunks busy was less than one in ten. Since good service required 
much less chance of delay, Molina devised a new formula, easy to 
compute, that provided an excellent approximation for the delay prob- 
abilities of interest, namely those between 1 in 30 and 1 in 100. Computa- 
tion of new traffic engineering tables began in earnest and early in 
this work it was observed that when the product of the number of 
callers and their probability of calling was constant, the number of trunks 
required was almost independent of the number of callers so long as this 
number was large. Based on this observation, Molina devised a new 
approximation which greatly simplified computation; traffic capacity 
tables based on this method have been in continuous use since 1908. 
The approximation was called the Molina formula until several years 
after his work when Molina discovered that it had been derived earlier 
by the French mathematician Poisson, whose name has since then been 
associated with it. 

Traffic engineering also had been the subject of work in Europe, 
chiefly by A. K. Erlang in Denmark. Unfortunately, his work did not 
receive attention beyond his own country until its publication in English 
in Journal of the Post Office Electrical Engineers (London, 1918). This 
opened a completely different approach to traffic theory, an approach 
based on an exponentially distributed holding time instead of the 
constant holding time used previously. While this had little effect on 
most of the traffic problems of importance during the first 50 years of 
telephony, it was much more realistic and permitted analytic approaches 
to problems otherwise not readily solvable. It provided formulas for 
treating different types of behavior when the customer found all trunks 
busy. For example, the capacity of trunk groups could be computed 
for the case where the customer abandoned his call and also for that in 
which he waited for an available trunk. In the latter situation, either the 
shortened talking time, assumed by Molina, or normal holding time 
could be assumed. Erlang's work also was the forerunner of much of the 
"queuing theory" work which has found wide usage in recent times. 

3.6.2 Application of Traffic Mathematics 

The reasons for the development of traffic mathematics have already 
been covered, namely, the determination of the amounts of equipment 
required to furnish a good grade of service at a reasonable cost. 
Commonly, the basis for making such decisions is a series of curves, such 
as shown in Fig. 6-41a, which indicate the average number of calls that 
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can be handled by various numbers of trunks (or pieces of switching 
equipment) for several probabilities ( p ) of blocking, i.e., finding all 
trunks busy. 61 

Perhaps Fig. 6-41b gives a way of presenting the same data which is 
more impressive to the average reader. This shows, for two blocking 
probabilities, how trunk efficiency 62 depends on groups size. It clearly 
brings out the benefits resulting from the use of large trunk groups, a 
matter which has been of great significance in designing switching 
systems, particularly the automatic systems described in Section IV. 

The original traffic engineering problems, exemplified by Fig. 6-41, 
have expanded to those of much more complexity involving the entire 
communication network. Full treatment of such problems is beyond the 
scope of this history but some of the potentialities can be indicated. 
As an example, it is apparent that in large cities the concentration 
of a number of central offices in the same building not only leads 
to economies in the craft forces but also permits the use of larger trunk 
groups with accordingly improved efficiency in traffic load. However, 
this may lead to somewhat longer and more costly loops and trunks. 
Traffic mathematics is obviously one of the components of the studies 
which determine the most economical arrangement. Similarly, with tan- 
dem switching, choices are available between direct trunking, which 
often provides low-cost trunks but in groups so small as to be inefficient, 
and more costly tandem trunks, which can be used more efficiently 
because the groups are large. 

3.7 Summary 

By the early 1900s, manual switching in the exchange plant had be- 
come a well- developed art based on principles and components devised 
to particularly fit the needs of telephony. Beginning with large and 
crude devices and arrangements involving complex operations, both on 
the part of the telephone user and the switching operator, switchboards 
had developed to the point where manual effort by the user and oper- 

61 These curves, which have so much significance for the traffic engineer, are not too easy 
to interpret by the uninitiated. Perhaps an example will help. Let us assume that we have a 
group of 45 trunks and wish to know what average traffic load can be carried during a given 
period (e.g., the busy hour) without blocking, on the average, more than 1 call out of every 
100 submitted. The upper curve indicates that we could handle 30 calls on the average. This 
does not mean that only 30 trunks would be in use at all times. On the contrary, this is an 
average for a varying traffic pattern and if during the busy hour we examined the trunk 
group at regular intervals, we would find usage varying. Sometimes there would be less 
than 30 busy trunks and sometimes more. Very occasionally all 45 would be in use and a 
submitted call would be blocked (or delayed). However, the average of all of these 

examinations would show 30 trunks in use and the blocking situation would be found only 
once in 100 times. 

62 Efficiency can be defined as the average proportion of time a trunk is in use during a 
specified period (such as the busy hour) or, expressed differently, it represents the average 
proportion of the trunk group in use during the period. 
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Fig. 6-41. (a) Load carried by a trunk group without exceeding the indicated proportion 

( p ) of blocked calls, (b) Trunk efficiency for indicated proportion of blocking. 


ator had become minimal. The size of components had been greatly 
reduced so that as many as 10,000 lines could be handled as one central- 
office unit and means had been devised for economically switching calls 
in exchange areas of roughly any size from a small village to a large 
metropolitan area. 

Intimately associated with the evolution of switching systems was the 
concurrent development of signaling arrangements for control of the 
interconnecting network. While much of the control information could 
be conveyed by voice, it was soon found that supplementary electrical 
signals could be used with much saving in operator and user effort. 
Typically, such signals were used to alert operators and customers and 
for conveying information on progress and status of the call. In the 
early days of telephony, this type of signaling was done by means of 
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16-20-hertz alternating current generated either by a hand-cranked 
"magneto” in the station set or machine-driven generators at the central 
office. Beginning in the late nineties, direct current from a common 
battery in the central office began to be used both for signaling and 
for supplying the talking battery that previously had been furnished by 
primary batteries on the customer's premises. These common-battery 
systems, by eliminating the need for magneto and battery supply at the 
customer's station, simplified both station apparatus and the user's ef- 
fort, greatly stimulating the growth of telephone usage. Alternating- 
current signals were not completely eliminated, however. The low- 
frequency ringing system was retained since it was highly effective 
and simple to use once the central office provided the power source. 
Certain audible, alternating-current signals also were used to indicate 
progress of the call to the customer (i.e., ringback, busy, etc.) 

While many changes were introduced to simplify procedures, the 
basic interconnecting operation on most calls was performed manually 
by the central-office operator. There was a natural desire to find a way to 
automate the interconnecting function and as early as about 1879 tech- 
nical means for doing this had been proposed and ten years later active 
development of automatic (machine) switching started. This work, 
described in our next section, proceeded simultaneously with the 
development of manual systems, which has just been described. Despite 
the large amount of effort expended on automatic systems, manual 
systems dominated the field during the span of this history. By 1925, 
only about 12 percent of the exchange telephone lines in the Bell 
System operated on an automatic basis. But, as we shall see, develop- 
ments of lasting importance had taken place which were already eroding 
the dominance of manual systems. 

Another development during these years was the use of mathematical 
methods for engineering plant to provide the most economical means 
for handling telephone traffic. These traffic engineering techniques not 
only minimized the amount of plant expenditure required but also had 
an important influence on the evolution of automatic switching. 


IV. AUTOMATIC EXCHANGE SWITCHING 
4.1 Origin 

The first proposals for "automatic" switchboards 63 came only a year 
or two after the first commercial manual boards were put into service. 
Probably the earliest was a patent application by M. D. and T. A. 


The systems covered in this section originally were referred to as "automatic 
switching." Later the terms dial switching, mechanical switching, and machine switching 
were used. We have used the original term generally throughout this section, but the 
synonomous terms are used to some extent in the later part where they are more in keeping 
with current usage. 



Switching and Signaling 


545 


Connolly and Thomas McTighe. 64 This system, based on rotating a 
connecting switch under control of a series of dc impulses sent out by 
the subscriber, was very similar to a system for sending telegraph 
signals proposed by Froment (in France) almost 30 years before. Whether 
or not these two inventions were independently conceived is of no 
moment since neither proposal had much application. 

Numerous other early inventors were active in this field, both in the 
United States and abroad, but it is generally considered that the evolu- 
tion of the first widely used automatic systems stems from the proposals 
of A. B. Strowger. 65 This, too, was a system in which the lines were 
connected at the central office by means of a switch directly controlled 
by pulses sent out by the subscriber. While the pulsing mechanism 
originally proposed was both crude and impractical (see Section 4.2.2), 
the switch was unique in that it employed two directions of motion and 
with further development provided a key element in one of the first 
practical automatic systems. 

A system based on the Strowger patent was installed at La Porte, 
Indiana, in November 1892. This installation is commonly credited with 
being the world's first commercial automatic central office. It was, how- 
ever, a very crude affair that demonstrated a concept but was far 
from being a prototype for a practical system. 66 

Strowger, an undertaker from Kansas City, Missouri, did not have the 
technical background for developing his original concept into a practical 
system, but this was accomplished by ingenious partners with whom he 
became associated. In 1892, A. E. Keith joined Strowger and about two 
years later the Erickson brothers, John and Charles J., became 
associated with the organization and they, with Keith, made up a tech- 
nical group largely responsible for converting the Strowger concept 
into a working system. Frank A. Lundquist also was an important mem- 
ber of this group for a period of about two years beginning in 1894. 
Strowger withdrew from the telephone business in a half-dozen years 
and died in 1902, but the work he started was continued by his 
associates in the Automatic Electric Company, which had been formed to 
develop and manufacture automatic systems. 67 But more about this later. 

64 M. D. and T. A. Connolly and T. McTighe; U.S. Patent No. 222,458; filed September 10, 
1879; issued December 9, 1879. 

65 A. B. Strowger; U.S. Patent No. 447,918; filed March 12, 1889; issued May 10, 1891. 

66 While this system utilized a number of the proposals in the Strowger patent, they 
mostly involved ideas that were soon abandoned as impractical (the most important 
Strowger invention, the switch with two directions of motion, was not used at first in La 
Porte). The original La Porte installation was largely replaced by another experimental 
arrangement, using the two-direction switch, in the fall of 1894. The following year, the 
switches were again replaced, this time with a design closely resembling the type which 
was to be the basis for the commercial Strowger system. 

67 The first company formed to exploit the Strowger patent was incorporated October 30, 
1891, as the "Strowger Automatic Telephone Exchange." The Automatic Electric Company 
was organized in 1901 and acquired the U.S. rights to manufacture and sell Strowger 
equipment. The original Strowger Automatic Telephone Exchange remained in existence 
as a patent-holding company until 1908 when its stock was acquired by Automatic Electric. 
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The Bell System became interested in automatic switching as early as 
1884, some four years before the Strowger invention. This early Bell work, 
and that of the next 10 to 20 years, was aimed largely at supplying 
service to small offices where there was not a full-time load for even one 
operator. At the time, this was a very logical decision since during the 
later years of the nineteenth century many great improvements were 
being made in the large manual systems, which reduced both operator 
and customer effort, but the very small offices continued to be a serious 
problem because the high operating costs per station were not affected 
by these improvements, being inherent in the size of the office. 68 

The first automatic system tried by Bell was the “Village System" 
invented by Gilliland in 1884 and on which he received some 
half-dozen patents. The first installation was opened in Leicester, 
Massachusetts, on September 21, 1885, and some 50 systems were 
ultimately put in service. This system was a combination of the station- 
switching and party-line concepts described in Section II. No central 
office was employed, the various lines in the exchange all being looped 
through each customer's station, which included keys for connecting his 
telephone to the desired lines. Means were also provided for connection 
to a nearby toll operator. The field of use for such a system was severely 
limited since outside plant costs rose rapidly as the number of customers 
and the distance between them increased. The intended field of use, 20 
to 40 customers on four lines, was attractive in 1885 but the popularity of 
telephony increased rapidly and most of the “Village System" instal- 
lations had been replaced by higher-capacity common-battery manual 
switchboards by 1902. 69 

During the early 1900s, further attempts were made by the Bell System 
to solve the very small office problem by means of automation. Because 
of the outside plant problems, station switching was abandoned and 
central- office switching, using single-level selectors similar to the 
Connolly- McTighe proposal, was introduced. These selectors were 
controlled by a dial, having one hole per line, on each customer's sta- 
tion. An arm was set to the desired line position and upon release 

68 In cost studies made during the early 1900s the wages for an operator were figured at 
$300 per year for 12-hour service, six days a week. Full 24-hour, seven-day service would 
require three operators at $800 per year. Thus, the traffic costs per line for a 25-line office 
would be $1 per month for 12 hours limited service or $3 for full 24-hour coverage. These 
traffic costs may not seem extraordinary by present standards but were prohibitively high 
at the time. Service in small towns had limited value in the early days of telephony because 
of the small number of phones which could be reached by a customer. As a consequence, 
the charges for phone service had to be kept low and might not greatly exceed the traffic 
costs if full-time service (potentially available with automatic switching) were provided. 

69 While most of the work on the Village System was carried out before the Strowger 
installation at La Porte, its effect on the development of automatic telephony was small 
since the basic principle of switching at the station received little further use except for 
systems using key telephone sets for local intercommunication and primitive PBX systems 
(see Section 6.1 in this chapter and also Section 7.2, Chapter 3). 
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sent out pulses to operate the selectors. A 100-line system of this type 
was tested in Queens, New York, in 1902 and, two years later, 
systems for 20 and 100 lines were made available. The size of these 
systems was limited by the use of single-level selectors and station- 
set dials with one position per line (station sets with dials for these 
systems are shown in Fig. 6-42). In spite of these limitations, the need 
for inexpensive small systems was so great that some 40 were sold within 
a few years after they were placed on sale. However, as a result of 
technical problems and growth beyond the system capacity, ultimately 
these installations also were changed to manual operation which, as 
developed by Bell in the early 1900s, gave better and more economical 
service for all exchanges except the very smallest. 

In 1902, the American Telephone and Telegraph Company authorized 
Western Electric to develop a 10,000-line system. Work continued 
through 1903 but produced no evidence that such a system would 
provide material savings if designed to meet the same service standards 
as current manual systems. In 1903, Bell also purchased patent rights 
to the Lorimer system, the first of the automatic systems to use motor- 
drive instead of magnetic stepping mechanisms . Several of these systems 
had been built by Lorimer but they were not found suitable for Bell use. 
Probably because of these experiences, Hammond V. Hayes, toward the 
end of 1904, reported that the future of automatic exchanges in the Bell 
System, particularly in sizes over 100 lines, was uncertain. 

During the early 1900s, the Automatic Electric Company had been 
pressing development of the Strowger system (as covered in Section 
4.2) and had installed systems with capacities of as many as 6,000 
lines in Grand Rapids, Michigan; Dayton, Ohio; and several other cities. 
Kempster B. Miller, writing in 1905 about these systems, said: 70 

Summing up, therefore, the statements already made, the automatic system 
is not only a possibility, but is actually here. With the interjection of 
human intelligence to supplement it in performing certain functions, it 
seems to be as flexible as the manual. Party line, common battery and 
measured service working, while not yet achieved commercially, so far as I 
am aware, seem to be well within the grasp of those who are doing the 
development work. The public seems to like it, and we do not know whether 
it is too complex or not. 

Thus, we find a rather anomolous situation some 15 years after the 
Strowger automatic concept had been introduced. On the one hand, 
some half-dozen cities had installed automatic systems with capacities 
up to about 6,000 lines. At the other extreme, the Bell System had 
built 50-100 small systems and found them not satisfactory, and its 
experience with larger systems had led Bell to believe that the outlook 


70 See 4th Edition of American Telephone Practice. 



(a) (b) 

Fig. 6-42. Station sets for Western Electric Automatic System, circa 1904: (a) set for 
20-line system; (b) set for 100-line system. 


for these systems also was uncertain. In between these views were 
those of an independent telephone expert, Kempster Miller, who seems 
to have had considerable enthusiasm for the Strowger type of system, 
not as it then existed, but as it might develop in the near future. 

With our advantage of looking backwards we can speculate as to 
the reasons which might have led to this situation. Probably there 
were a number of factors responsible for these divergent views including 
service standards, technology, economics, the available market, and un- 
knowns concerning customer reaction. 

By 1904, manual-switching technology in the Bell System was highly 
developed. Common-battery boards using indicating lamps had been in 
use for over ten years and were widespread throughout the system. 
In large cities, 10,000-line offices were common and trunking arrange- 
ments had been developed (using separate A and B boards) to inter- 
connect essentially any number of such offices that might be required. 
Many of the complex manual operations originally required of both sub- 
scriber and operator had been replaced by automation. The sub- 
scriber's operation had been reduced to a minimum; he had merely 
to lift his telephone from a hook to signal his desire for communication 
and then he was able to pass his orders verbally to the operator. The 

% 

operator carried out these orders by making connections through easily 
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operated and conveniently located plugs, jacks, and keys. She also was 
available to assist the subscriber in any way desired, and provided 
supplementary operations going beyond simple local connections. 71 

Automatic telephony had received a considerable amount of atten- 
tion over a period of 20 years with indifferent results. It was not a 
great success in the very small exchange, the field where operating 
savings first appeared so attractive, largely because these exchanges grew 
rapidly to a size where operators were used more efficiently with 
consequent reduction in operating cost per line. Strowger automatic 
systems had been developed for offices with several thousand lines 
but from a service standpoint they were a definite step backward. 
Much of the burden of making connections was shifted from the operator 
to the subscriber. He not only had to operate a dial mechanism to 
indicate the party desired, but he also had to initiate ringing by operat- 
ing a button on the station set. Local batteries were used at the station, 
again increasing the bulk of station equipment and reintroducing the 
replacement problem. Finally, some forms of service were unavailable 
with automatic systems. Obviously, as of 1904, there was a real question 
as to whether or not these retrogressions would not cause an unfavor- 
able subscriber reaction and thus inhibit the rapid growth then being 
experienced. As time went on, the requirements for local batteries 
and customer ringing could be eliminated but improvements in manual 
boards to reduce operator effort also were to be expected. Therefore, 
it was not completely certain that automatic service could be expected 
to be superior, from the subscriber's viewpoint, to good-quality manual 
service since, at best, an automatic system would require the extra 
operation of dialing on the part of the customer. In all Bell System 
work a basic requirement was that service provided by an automatic 
system should not be inferior to that of a manual system of current 
design. Until wide use of the dial proved its acceptability to the user, 
many telephone engineers were reluctant to place this burden on the 
user. On the other hand, ardent proponents of automation believed 
that this disadvantage was more than offset by privacy, speedier 
service, and operator savings. 

The Bell view in the early years was that the main justification 
for automatic service would have to be economic. 72 The reduction in 


71 The value of an operator in maintaining good service should not be underrated. The 
answering operator supervised the connection and could, in response to a switchhook 
flash, take care of any difficulties encountered on the circuit. She also talked over the calling 
loop and after the introduction of straightforward trunking, she also talked over the trunk. 
Thus she was in a position to rapidly detect poor transmission and often detected other 
problems as they arose. With automatic systems, the loss of these operator functions placed 
additional burdens on the maintenance staff to detect and correct faults promptly before 
serious situations developed. 

72 In later years the availability of a suitable labor supply became an important factor. 


550 


Engineering and Science in the Bell System 


operator expense and secondary costs (rest rooms, restaurants, etc.) 
would have to compensate for the higher cost of automatic equipment 
and the added burden of dialing. The extent to which this would become 
possible was far from clear. For example, in a small city with modem 
manual equipment, the cost of growth by adding more manual 
positions was low as compared to automation, which would require 
a mix of two systems (with impractical complexities) or a replacement 
of existing manual equipment. A large multioffice city, where growth 
was obtained by adding completely new offices, obviously favored 
automatic service, providing manual-automatic interface problems could 
be solved. 

Another economic factor was the extent to which operators could be 
eliminated. No one in the early twentieth century foresaw the extensive 
automation of toll calls and other services that we have today. It 
seemed obvious that many operators would always be required and 
consequently the secondary savings could be less than one might expect. 
Thus, the operator-cost savings in a particular situation were dependent 
on the services provided, e.g., toll operating, information, etc. 73 

With these facts in mind we can see shaping up two different 
markets for automatic switching equipment. One is the rural area where 
new service is being developed, or the small town where existing 
manual equipment requires replacement, particularly one in which there 
is little need for toll or other supplementary operating. The second 
market is the large multioffice city where the growth is met by establish- 
ing new central-office units and where operating personnel with suit- 
able skills will probably be in short supply in the future. This latter 
market would, of course, only materialize if the problems that arose in 
interconnecting the two types of systems in the large cities could be 
solved (see Section 4. 3. 2. 2). 

During the period between 1904 and about 1914, while the Strowger 
system was evolving from the rudimentary, local-battery arrangements 
of Grand Rapids into a common-battery system with the features avail- 
able in modem manual offices, the number of independent telephone 

73 It is interesting to note the extent to which operator requirements have changed over 
the years. In 1902, as common-battery switchboards were being introduced widely in Bell 
offices, the Bell System employed roughly 30,000 operators or about 22 per 1,000 telephones. 
At the time of World War I, when only about 1 percent of Bell telephones were automatic, 
the System employed about 100,000 operators or roughly 15 per 1,000 telephones. This 
reduction in operators per telephones was very largely the result of the many automatic 
features and improvements in manual boards which were then commonplace throughout 
the system. Thirty years later at the time of World War II, the number of dial phones had 
increased to 45 percent and the number of operators amounted to about 6 or 7 per 1,000 
telephones but totaled about 140,000. By 1970, when the Bell System was on a full dial basis 
with automation covering toll calling, timing, message accounting, and other services, 
there was still an operating force of about 166,000 or 1.7 per 1,000 telephones. This is arather 
interesting example of the manner in which the introduction of automation can be keyed to 
growth so as to minimize adverse effects on the labor force. 
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companies in the United States was growing rapidly as a result of the 
expiration of some of the earlier Bell patents. 74 Certain of these 
companies were of the so-called mutual type, owned largely by the 
subscribers, and were formed to serve some of the sparsely settled 
areas not covered by Bell. The toll lines connecting these companies, and 
very often the toll boards also, were supplied by Bell; hence automatic 
exchange service could greatly reduce the need for operators in the 
mutual company. In addition, the fact that the subscribers owned the 
companies often made them tolerant of service standards that might 
otherwise have been less acceptable. 

The Bell System, on the other hand, had a large proportion of its 
customers in the major cities where Bell companies were experiencing 
extraordinary growth requiring the frequent addition of central offices. 75 
Many of the smaller and medium-size cities had relatively modem 
manual offices where growth could be met quite readily by adding 
similar manual positions. 76 Hence, the Bell interest in automatic switch- 
ing was directed more and more towards solving the problems of the 
larger cities. 

But let us forego our speculations and return to the chronological 
narrative. By 1910 the Bell position was beginning to clarify and was 
expounded well by J. J. Carty, the AT&TCo Chief Engineer. 77 His paper 
has sometimes been cited as evidence that the Bell System was opposed 
to automation. However, a careful reading will show that Carty was 
opposed not to automation per se, but to any system that would not 
provide service equivalent to existing systems, would not offer the po- 
tential for meeting the rapid growth expected in large cities, and would 
not achieve the broad objective of rapid, comprehensive service 


74 The basic Bell patents expired in 1893-94. Prior to 1892, about 60 independent 
companies had been formed, mostly of small size. Fifteen years later (1907) there were over 
5,000 independent companies owning about 45 percent of U.S. telephones. Most of these 
companies were small, the average number of stations being under 5,000. 

75 New York City presented an extreme example of the growth problems that the Bell 
System was.facing. J. J. Carty in his 1910 paper, discussed in the next paragraph, gave the 
following data for the area within the greater New York municipal limits: 


Year 

Population 

(millions) 

Telephone Stations 
(thousands) 

Central Offices 

1900 

3.4 

51 

43 

1910 

4.8 

376 

52 

1930 

(projected) 

8.8 

2,142 

109 


76 Wherever possible, new Bell equipment was designed so that it was compatible with 
older designs and could be added for growth with a minimum of office rearrangement. 

77 In a paper presented at the International Conference of European Telephone and 
Telegraph Administrations, held in Paris September 4- 11, 1910, Carty was careful to point 
out that in accord with the paper's title, "Telephone Service in America," he was confining 
his comments on automation to the conditions applicable in America. 


552 


Engineering and Science in the Bell System 


covering the country. The basic argument presented in the paper was that 
all modem systems (dial or manual) were really semiautomatic and, 
as far as could be foreseen, some manual auxiliary operation or super- 
vision of equipment would continue to be needed for a long time to 
come. To Carty, the basic question was not manual versus automatic, 
but which semiautomatic system should be used, what functions should 
be automated, and who should carry out the manual operations, the 
traffic operator or the customer. It was his view, based on observa- 
tion of the existing technical situation, that the fully automatic system 
then available required an extensive maintenance force, not only to keep 
the equipment running but to detect failures and generally monitor 
service, a duty carried out with little effort by the A operator as a normal 
part of her job. This led him to conclude that full automation would 
reduce the manual effort less than many people expected since much 
of it would be transferred to the customer and the maintenance 
forces. This, together with other limitations, led him to believe that the 
automation of the B board was the first logical step (since such operators 
performed an almost solely mechanical job). A further step would be 
automatic distribution of incoming calls to A operators, thus eliminating 
the necessity for manual connection to answering jacks and the waiting 
time between calls. The basic concept was that the A operator, after 
being connected automatically to a calling subscriber, would obtain the 
necessary call information by voice, “dial'' the desired number, and 
continue to supervise calls as required to assure satisfactory completion 
and to carry out other duties which automation could not accomplish 
(timing of AB toll calls for example). One of the features of operator 
dialing would be the use of a keyboard instead of a rotary dial, which 
would be faster and also could be checked before sending out pulses. 
Such a "semimechanical system" was receiving the major Bell develop- 
ment effort at the time and was subjected to large-scale field 
trial in the 1913-1917 period. 78 

These trials and the development work preceding and accompanying 
them were so successful that a decision was reached in 1917 to develop 
mechanical systems for large, multioffice cities. Because of problems 
associated with manual-dial interconnection in such cities, the initial 
plan called for semimechanical operation in large metropolitan areas 
with customer dialing elsewhere. However, in 1918 the metropolitan 
area problems had been solved (as described in Section 4. 3. 2. 2) and 
it was decided to use full mechanical systems, with customer dialing, 
wherever automation proved economical. The rapid rise in operator 

About 10,000 lines, in two Newark, Newjersey, offices, were put in commercial service 
in 1913 to provide a field trial of operator "dialing.” Similar large-scale trials of automatic 

distribution of calls to operators were conducted in Newark and Wilmington, Delaware, in 
1917. 6 
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wages at this time greatly emphasized the benefits of automation and 
expanded the potential field of use. Unfortunately, the onset of 
World War I (which diverted much Bell manpower) delayed this 
work and the first fully mechanical office was not put into service 
until December 1921 (in Omaha, Nebraska) and the first fully auto- 
matic prototype of the metropolitan system (the Pennsylvania ex- 
change in New York City) was not cut over until October 1922. 

In concluding this summary of the evolution of mechanical switching 
in the Bell System, two excerpts from AT&TCo Annual Reports 
will be of interest. In 1913, it was stated: 

We have designed, and manufactured, and installed all kinds of switch- 
boards — automatic, semiautomatic, and manual — and we have ex- 
haustively studied the practical workings of every type of switchboard 
in use. ... As yet it has not been demonstrated that the automatic 
system would give as good and dependable service as we now render 
to the public when used in connection with the extensive and comprehen- 
sive suburban and inter-urban telephone system of Bell. 

By 1919, the doubts which had existed for so many years had been 
resolved and the Annual Report said: 

During the past year the Engineering Department has been engaged 
in planning and directing the introduction of machine switching or 
automatic switchboards into the Bell System. . . . Such studies show 
that in the large cities machine switching equipment should be employed 
for extensions necessary to provide for growth and for reconstruction 
to replace womout equipment. Our experience has shown that by this 
procedure we are enabled constantly to change to new types of apparatus 
as they are developed, with the least amount of disturbance to the service, 
in the minimum time and without disturbing effects upon the employees 
or on the financial situation. 

The technical developments that led to this great change in out- 
look with regard to the use of full automatic switching (i.e., customer 
dialing) for large-city offices will be covered in Section 4.3. 

During the period when Bell was concentrating on large-city 
problems, the Automatic Electric Company was continuing to develop 
the Strowger approach. The many faults of the 1904 system gradually 
were eliminated. Common-battery operation was introduced in 1905, 
the equipment was made more reliable and used more efficiently, 
and features were added that made automatic service more compar- 
able to good manual service. By 1914, the Strowger system was much 
more attractive than ten years earlier, there had been many sales to 
independent companies, and to the surprise of many telephone people 
it was found that relatively few customers objected to the added 
work of dialing. Although Bell System development effort had been 
devoted largely to the American "big-city" problem, for which 
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Strowger equipment was not well adapted, there was no lack of experi- 
ence with Strowger systems. By 1915, Bell was operating equipment 
manufactured by Automatic Electric that served some 90,000 sta- 
tions, mostly acquired through purchase of independent properties. 
This first-hand experience and further studies led to a patent agree- 
ment with the Automatic Electric Company in May of 1916 giving 
the Western Electric Company manufacturing rights for Strowger- 
type equipment. In 1917, an order was placed on Automatic Electric 
for equipping the Bell office in Norfolk, Virginia. This was the be- 
ginning of a long period during which Bell used Strowger-type equip- 
ment in smaller cities and in some PBX systems. From the start, this 
equipment was made by Automatic Electric to Bell System specifica- 
tions and over the years many changes were introduced by Bell to 
improve performance and flexibility and to add operating features. 
Beginning about 1926, Western Electric began manufacturing this 
type of equipment but Automatic Electric remained an important 
supplier through 1936. 

After this somewhat lengthy and broad outline of the evolution 
of automatic switching in the United States, a discussion of the tech- 
nology will be appropriate. It is already clear that two basic systems 
had evolved, one for the small cities, another for the large. 79 These 
will be covered separately. The first, using the Strowger principle, 
came to be known as the step-by-step system. This system is a form of 
direct dial control in that the switches at each stage in the dialing 
process are directly responsive to the digits being dialed. The second 
is of the common-control type. In such systems the dialed information 
is stored in centralized equipment before being used to control 
switching operation. 

4.2 Direct Dial Control — The Step-by-Step System 

Strowger's direct control system, as described in his patent, was 
in part impractical, but his concept for the connecting switch was 
not only original but so sound that it evolved into the basic piece of 
apparatus used in the step-by-step type of automatic system. 

4.2.1 Basic Connecting Switch 

The underlying principle was a switch that could be moved readily 
in two directions, vertically to give access to different levels of con- 
tact points, and horizontally to give access at any desired level to 

79 While only two automatic systems were extensively used in the United States, several 
other systems received limited use. Probably the most important was that developed by 
Clement and manufactured by North Electric Company. Western obtained manufacturing 
rights to this system in April 1916. 
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contact points on segments of a circle. As it finally evolved, it was 
a decimal system with ten vertical levels, each of which carried ten 
sets of contact points in the horizontal plane, thus giving 100 con- 
necting positions. The general form it assumed after a number of 
years of development is shown in Fig. 6-43. The assembled switching 
mechanism consisted of a "bank of contacts" on the arc of a circle 
with a "wiper" mounted on a shaft rotating on the axis of the circle. 
The bank assembly is shown in (a) of Fig. 6-43 and (b) is a top view 
showing some of the positions which could be assumed by the wiper. 
The wiper is shown in greater detail in (c). As ultimately developed, 
each level of the bank had two sets of contact points, one above and 
one below an insulated mounting plate. The wiper had two arms 
also insulated from each other, one making contact with the points 
above the insulating plate and the other with those below. Thus, each 
bank contained 100 pairs of contact points, sufficient for making 
connections between the wiper and any 1 of 100 pairs of talking or 
signaling conductors. Several banks could be mounted one above the 
other with the wipers all on a common shaft, thus giving an assembly 
that could handle not only the connections required for the talking 
path but also those for control of switching (or signaling). 80 

The bank arrangement for the T and R conductors is shown schemati- 
cally in Fig. 6-44a. The normal (inactive) position of the wiper was 
below row 1 and to the left of column 1. In operation (Fig. 6-44b), 
under control of signals from the subscriber, it was first moved verti- 
cally one level at a time to the desired level, after which it was turned 
on its shaft to the desired pair of contact points. 

Figure 6-45a not only shows the way in which wipers on several banks 
could be controlled by one shaft but also illustrates the manner in 
which the vertical and horizontal (rotary) motions of the wipers were 
accomplished. The drive mechanism used two kinds of ratchets 
mounted on the shaft above the banks, both actuated by magnetically 
operated pawls. The upper ratchet provided the vertical motion and 
the lower one the rotary motion. To avoid unnecessary complica- 
tions, the details of the mechanism are not shown. Flowever, some 
idea of both the complexity of the switch and the variety of assemblies 
obtainable is provided by (b) and (c) of Fig. 6-45, which show a set of 
modem step-by-step switches, all using the basic bank mechanism 
evolving out of the original Strowger idea of a switch with two types 
of motion. The large number of relays associated with each switch 
should be noted. These relays, mounted above the banks and occupying 

80 As with manual boards, the connections within an office were usually on a 3-wire 
basis. The talking pair (designated T and R by analogy with the manual counterpart) was 
handled by one bank of a switch and a single-conductor local-signaling circuit was carried 
by the second bank of the switch. 
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Fig. 6-45. Step-by-step switches: (a) drive mechanism; (b) modem switches, 
with equipment covers; (c) modem switches, covers removed. (Diagram redrawn from 
Feder and Spencer 1962, p. 137) 


for each closure, and finally each closure of the units button moved 
the arm one additional step horizontally. The fourth button was 
pushed at the end of the call and restored the mechanism to normal. 
Ringing was by the magneto arrangement customarily used with 
local-battery operation. It will be noted that this was an automatic 
system in the sense that the functions of the operator were per- 
formed mechanically but was anything but automatic from the custo- 
mer's viewpoint since he was required to perform many precise 
operations. For example, connection to Line 999 required nine properly 
timed closures of each of the three digit-buttons, manual ringing, 
and finally an end-of-call signal. Besides these complex customer 
operations, the telephone plant was complicated by the use of four 
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wires in addition to the voice transmission circuit. Furthermore, 
the wiring involved in connecting 1,000 step-by-step switches in 
multiple was not only complex but added considerable transmission 
loss. And, finally, the size of an office was limited to the capacity 
of the switch. 

The problems inherent in Strowger's original proposal were 
solved in various ways. One of the first was the invention, in 1896, 
of the dial as a replacement for the three pulsing pushbuttons. 82 Its 
original external form is shown in Fig. 6-46a. This fingerwheel dial 
consisted of a disk rotating on a center spindle. The ten digits were 
marked on a portion of the periphery and a ridge, or fingerhold 
(C 1 in figure), was adjacent to each digit. The dial was operated, in a 
manner familiar to everyone today, by placing the finger on the 
desired digit and rotating the dial until the finger reached the stop 
position (S 2 in figure). Upon release, a spring and governor mech- 
anism returned the dial to normal at a controlled speed and during 
the return sent out a series of pulses corresponding to the number 
above the fingerhold. 83 The fingerhold, however, proved awkward to use 
and was superseded by a hole for the finger. A dial of this type used 
in the early 1900s is shown in Fig. 6-46b. 84 Over the years, dials 
with further improvements were developed, as covered in Section 
4.3 of Chapter 3, but the basic principle remained the same, namely, 
setting the dial for the digit desired and sending out pulses during 
the dial's return to normal. This, incidentally, is a procedure which 
dates back to the call boxes used by companies such as the American 
District Telegraph Company to provide messenger and express 
service (refer to Sections 3.1 and 3.2). 

The dial was a great improvement over manually operated push- 
buttons since the pulses it sent out were uniform, having a duration 
and spacing designed to best operate the central-office mechanism. 


82 A. E. Keith and J. and C. J. Erickson; U.S. Patent No. 597,062; filed August 20, 1896; 
issued January 11, 1898. 

83 From the beginning, the decimal system formed the basis of dialing. In American 
practice, digit 1 sent one pulse on the dial return, 2 sent two pulses, and so forth. The tenth 
position, which sent out ten pulses, was originally marked X but was soon changed to 0. 
Some administrations have used different arrangements. Sweden, for example, uses a dial 
numbered from 0 to 9 in a counterclockwise direction so that dialing 0 sends out one pulse 
and 9 sends ten pulses. New Zealand also numbers from 0 to 9 but in a clockwise direction 
so that the first position, marked 9, sends a single pulse and decreasing dial numbers send 
increasing numbers of pulses. The problems arising many years later when international 
dialing was introduced can be imagined. 

84 At this time, a mechanical interlock between the dial and switchhook was employed to 
provide a signal for releasing the switches upon hang-up, thus eliminating the end-of-call 
pushbutton. The dial illustrated also had 11 finger positions, the last two being marked 0 
and "long distance/' respectively. Both sent ten pulses and brought in an operator when 
dialed as the initial digit. Later the use of the ten-position dial was resumed, the last 
position being marked both 0 and "operator" as we do at present. 
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Fig. 6-46. Early forms of Automatic Electric Company dials, (a) First form of station- 
set dial, which replaced the pushbuttons previously used, (b) Dial with fingerholes and 
11 positions, circa 1900—1905. [Part (a) from U.S. Patent No. 597,062; part (b) from Miller 
1905, Fig. 508] 


It also eliminated the need for a separate wire to the central office 
for each digit. One of the first schemes for using the dial employed 
signals to ground over each side of the line. The dial pulses for 
operating the central- office switches were sent over one side and, 
when the dial had sent all of these and returned to normal, a pulse 
was sent over the other side to indicate the end of digit pulsing. Such 
a scheme was used until about 1905 after which timing arrangements 
were introduced to indicate the end of the digits. This avoided the 
necessity for two types of signals and opened the way for loop (metallic) 
signaling and the provision of common-battery talking current. 

About 1896, Keith and the Erickson brothers started work on means 
to eliminate the necessity for multipling all the subscriber lines to each 
switch. They worked on a 1,000-line system using two stages of 
switching. Instead of a single switch having 1,000 contact positions 
(which previously had proved impractical), they used two smaller 
switches connected in tandem by means of transfer trunks. 85 Specifi- 
cally, their approach was to make connection to the called sub- 
scriber by means of “connectors'' that were 100-point switches (ten 
vertical levels, ten horizontal positions) much like the ultimate design 

85 The idea was not new. The use of transfer trunks between groups of selectors had been 
proposed several years earlier for a telegraph application by J. G. Smith who had been 
granted U.S. Patent No. 481,247 on August 23, 1892. Keith and the Ericksons were, 
however, responsible for the commercial application and their ideas were covered by U.S. 
Patent No. 672,942, applied for June 23, 1897, and issued April 30, 1901. 
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discussed earlier. The switchpoints were connected to the lines, one 
of these connectors (or a multiple group of them) being required 
for each 100 lines in the office. The calling subscriber had to have 
access to the input, or wiper, of the appropriate connector, and 
this was accomplished by having each incoming line connected to 
the wiper of a switch that selected a transfer trunk connected to the 
wiper of the required connector. These earlier switches in the train, 
known as “selectors/' responded to the first digit dialed while the 
100-point connector responded to the last two digits. The original 
1,000-line system was installed in Augusta, Georgia, in March of 
1897 to serve some 400 lines. In this system, there was a simple 10- 
point switch serving as a selector, each switchpoint providing a trunk 
to a connector giving access to 100 called subscribers. 86 The scheme is 
diagrammed in Fig. 6-47. 

As shown in this figure, the output of several selectors was multipled 
so that several subscribers had access to a given set of connectors. 
This was necessary to reduce the number of switches but also led 
to the failure of the system using 10-point selectors. Without multipling, 
a 1,000-line office would require not only 1,000 selectors but also 

10.000 connectors (ten for each line). By multipling the selector 
outputs, the number of connectors was reduced accordingly, but as 
soon as one connector was in use for a call from a line, the remaining 
99 lines wired to it were denied service from any line connected 
to the same selector multiple. Obviously, service would frequently be 
blocked if many selectors were in multiple. The trouble was that 
only one transfer trunk was provided between any connector and a 
group of subscribers (multiple selectors). As trunking studies had shown 
(see Section 3.6), this was a very inefficient way to operate. What was 
needed was a much larger group of trunks between switching stages. 

This needed improvement was accomplished by using selectors 
with more than one contact on each level so that a number of trunks 
(and connectors) could be made available to each line. The concept 
as it developed, in somewhat simplified form, was to divide the 

1.000 incoming lines into ten groups of 100, each line in the group 
having access to ten connectors for each 100s group. Thus, with ten 
choices available to each 100 lines, there was little chance of having 
the call blocked by finding all ten connectors in use. 

It is both difficult and unnecessary for the purpose of this discussion 
to describe the process in detail, but the principle was fundamental 

86 An interesting feature was that the 10-point selector used essentially the same 
mechanism as the connector but with only a single switchpoint at each level . The first digit 
dialed moved the wiper vertically to the proper level with the usual pawl and ratchet 
arrangement and at the end of the pulse sequence the wiper was rotated one step to engage 
the switchpoint. 
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Fig. 6-47. Early 1,000-line system with transfer trunks and 10-point selectors. 


to the practical application of step-by-step switching and will perhaps 
be made clear by Fig. 6-48. As shown, each line was connected to 
the wiper of an individual 100-point selector with banks arranged in 
the same manner as a connector, namely, ten levels with ten con- 
tacts each. In a 1,000-line office, the first digit dialed elevated the 
wiper to the level corresponding to the hundreds-group dialed (the 
600s-group only is illustrated in detail). Each contact on this level 
was connected by a trunk to one of the ten connectors serving the 
appropriate hundreds-group. After the first (hundreds) digit had been 
dialed, the selector mechanism automatically and rapidly moved hori- 
zontally until an idle connector trunk was found, at which point it 
stopped so that the next two digits dialed could move the connector 
brush vertically for the tens digit and horizontally to the units digit 
to make connection with the desired line. Provision was made for a 
busy signal if the line was in use, but the means for accomplishing 
this, the automatic “hunt" for an idle connection, and other details 
are unnecessary to the understanding of the basic principle, namely, 
that by the use of two levels of switching, it was possible to use 100- 
point switches to interconnect 1,000 lines. 

The application of multilevel switches connected by transfer trunks 
did not stop here. It was possible to use a three-stage system to reach 
10,000 lines by having the first-stage selector (connected to the calling 
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Fig. 6-48. Switching in a 1,000-line office using 100-point selectors and connectors that 
are corrected by transfer trunks. Illustration covers only one 100-line group of calling 
lines (100-199) and one 100-line group of called lines (600-699). 


line) respond to the thousands-digit and select a second-stage selector 
which was actuated by the hundreds-digit and selected a connector 
(controlled by the last two digits) that established a circuit through to 
the called line. Obviously, the principle could be extended and was 
indeed used to handle more than four digits, some of which were 
used to select trunks to selectors in other central offices, thus ac- 
complishing step-by-step switching in a multioffice city. This idea of 
an expanding, tree-like system of trunks and 100-point switches was 
basic to the practical evolution of the step-by-step system. 87 It was 
one of the major inventions underlying the type of direct- control 
switching which has received the most use up to the time when this 
history is being written (the 1970s). 

Most of the developments just described had been reduced to prac- 
tice by the early 1900s and were implemented in the major step- 
by-step installations made at Grand Rapids, Dayton, etc. Specifically, 
they included the use of 100-point banks connected in tandem by 
transfer trunks, the invention of the dial as a replacement for push- 

87 This is often described as a "Progressive Switching Network" since the path is 
established progressively, link-by-link, from the input toward the output. The idle or busy 
status of each successive link or output is not determined until an actual connection is 
attempted. 
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button pulsing, and the use of talking pairs for carrying signaling 
pulses from the subscriber to the central office. 88 A number of other 
refinements also were introduced but we need not discuss them in 
detail. Probably the most important was the use of a rather elaborate 
switchhook mechanism to replace the end-of-call button originally 
proposed by Strowger. 

After examining these improvements in detail, it is easy to under- 
stand some of Kempster Miller's enthusiasm in 1905 for the future 
of automatic telephony. It is true, as pointed out previously, that as 
of that time the service provided was far inferior to that provided by a 
good manual system of the current type. However, the enormous 
improvements made in the 15 years after Strowger's original, some- 
what crude, proposal certainly gave hope that the remaining prob- 
lems also could be solved so that ultimately service, functionally at 
least, could be comparable to good manual service. Most of the prob- 
lems were indeed solved in the next ten years, as covered by the 
following section, and a field of use for step-by-step systems became 
well-defined. 

4.2.3 Evolution of the Practical Step-by-Step System 

By 1904, after 15 years of development, the step-by-step system 
had received a modest amount of use in offices of various sizes, 
some with as many as 6,000 lines; but, as we have noted, the serv- 
ice was inferior to that of contemporary manual systems. A con- 
siderable amount of work was still needed to develop a system competi- 
tive with manual boards from the standpoint of both service and 
economy. Some of the necessary developments had already been 
started and most were completed during the following five to eight 
years. We cannot take the space to give full details, but a few rather 
fundamental inventions deserve discussion. 

4.2.3.1 Fundamental System Concepts. Even though the systems of 
1904 were deficient from the service standpoint, they incorporated 
most of the basic concepts that were to make step-by-step a viable 
switching system. Of most importance were: (/) the dial, which gen- 
erated uniform control signals as a result of a simple customer opera- 
tion; ( ii ) the two-direction, 100-point switch bank, which was adaptable 
to many types of connecting functions; and (iii) the concept of succes- 
sive switching stages, connected by transfer trunks, which used 100- 
point switches to interconnect lines in central offices of large capacity 

88 While signaling was carried out over the talking conductors, it was accomplished by 
means of two types of signals, one using the tip conductor and the other the ring conductor 
with ground return. 
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and even to interconnect central offices. Only a few basic inventions 
were still needed to meet practical requirements. Perhaps the most 
important of these were the line- switch and line-finder concepts. 

It will be recalled that, in the system of 1904, each line required a 
100-point selector switch to pick a transfer trunk to the next higher 
switching stage. These relatively expensive switches made up a large 
percentage of the switches in the office but received little use, each 
one being actuated only during the small part of the day when the sub- 
scriber's line associated with it was being used on an outward call. 
In many cases this was not much more than a half-hour total for the 
day. This costly use of first selectors was obviated by using either line 
switches or line finders. These two devices were functionally similar 
in that they provided means for using less than one selector per line 
but acted in a different manner. The principles are shown in Fig. 
6-49. The basic line switch, illustrated by (a) of the figure, is a simple 
switch, with its wiper connected to the line, which hunts an idle 
trunk to a first selector when the subscriber line is ready to place a 
call. One of these switches was still required for each line but they 
were relatively inexpensive and their use reduced the number of 
much more complicated selectors by a factor of ten or so. The line- 
finder objective was the same but operated in the reverse manner 
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Fig. 6-49. Line-switch and line-finder concepts: (a) basic line switch; (b) basic line 
finder. (Redrawn from Smith and Campbell 1914, Figs. 18 and 25) 
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[see (b) of the figure], the wiper being connected by trunks to the 
selectors and the switchpoints to lines. When a call was initiated, the 
wiper from an available trunk hunted for the line requiring service. 

In practice, both line finders and switches were developed beyond 
the simple rotary switches illustrated to provide more economical 
and compact apparatus. Generally speaking, the Automatic Electric 
Company favored line switches devised by Keith and the Bell System 
preferred line finders, particularly after Bell had developed, in the 
twenties, a 200-point device (using two 100-point banks per finder) 
with a special commutator invented by W. W. Carpenter to provide 
vertical as well as horizontal hunting. 

The Automatic Electric line switch developed by Keith 89 was a rather 
ingenious multiple switch with a common mechanical control. In a 
sense, it was a form of coordinate switch array providing connec- 
tions between lines and trunks as shown schematically in (a) of Fig. 
6-50. The mechanical device for accomplishing these connections is 
illustrated in (b) of the figure. It consisted of a number of plungers, 
on different levels, moved around an arc by common vertical shaft 
S. Actuating a plunger magnetically closed contacts between line and 
trunk conductors and also disengaged the plunger from the vertical 
shaft. The plunger remained actuated as long as the line was in opera- 
tion and the shaft was free to move other plungers about as required 
to effect other line-trunk connections. 

It will be observed that the basic purpose of line finders and switches 
is to provide transfer trunks between the subscriber's originating line 
and the first level of selectors. By so doing, the selectors can be re- 
duced in number and used more efficiently. Commonly, the number 
of selectors required is one for every ten lines but better efficiencies 
are possible by using two levels of line switches or with 100- or 200-point 
line finders as used in Bell System step-by-step offices after about 1927. 

Two other inventions improved the efficiency of the switching 
network within an office. One of these was the use of "bank slip" 90 
which, in addition to other benefits, reduced the time required for 
selector operation. It will be recalled that in order to obtain trunk 
efficiency, a group of selectors was given access to ten transfer 
trunks which were multipled at the selector output. During the 
periods of heavy traffic, many of these trunks would be used simul- 
taneously and, if all trunks appeared on the same bank number, a 
selector in need of a trunk would have to "hunt" over a number of 
contacts to find an idle one. To reduce the hunting time, the wiring 


89 U.S. Patent No. 1,304,324; filed April 29, 1905; issued May 20, 1919. It was first put in 
use in 1907. 

90 A. E. Keith; U.S. Patent No. 831,876; filed March 9, 1905; issued September 25, 1906. 



(a) (b) 


Fig. 6-50. Keith line switch: (a) relation of subscriber's lines to transfer trunks; (b) 
mechanical arrangement. (Redrawn from Smith and Campbell 1914, Figs. 19 and 20) 


was “slipped” so that a different trunk number appeared as first 
choice on each selector in a group of ten. A common scheme for 
accomplishing this is shown in Fig. 6-51. With this arrangement 
there is a large probability that the first contact will be idle and 
thus hunting over a large part of the bank will be avoided. 









Fig. 6-51. Illustration of one scheme for "bank slip." (Redrawn from Smith and Campbell 1914, Fig. 12) 
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Fig. 6-52. Simplified schematic illustrating "graded multiple" combining individual 
trunks (A, B, C) with common trunks. (Redrawn from Smith and Campbell 1914, Fig. 16) 
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Another bank wiring scheme, perhaps more fundamental in im- 
portance, was that known as "graded multiple." It will be recognized 
that the strictly decimal organization of the network of switches could 
be highly restrictive since the traffic was not always such that a selec- 
tor needed outputs to precisely ten switches in a given digit group 
at the higher level. If traffic was light, the operating and control 
mechanism of high-stage switches could be omitted. (The banks 
were usually wired into the circuit, however.) But the need for more than 
ten higher-stage switches was not so easily handled. To meet this 
need, E. A. Gray of AT&TCo invented the graded multiple. 91 The 
idea was to have one or more individual trunks (and corresponding 
switches) wired as first choices to a limited number of selector banks. 
The remaining selector contacts were connected to common trunks 
multipled to the banks of all selectors and were used when the indi- 
vidual trunks were busy. The simplified diagram of Fig. 6-52 shows 
how five first-selector trunks can be used to give access to seven sec- 
ond selectors. The extension to ten-trunk switching is obvious. The 
principle could also be extended further by having several groups of 
common trunks, each of which was wired to the contacts of a portion 
of the incoming selectors. By methods such as these, it was possible 
to have a group of 100 selectors feed more than the ten trunks 
that normally would be associated with the ten contacts on a given 
bank level. 

The techniques just described provided the necessary means for 
organizing a switching network which could meet load require- 
ments in a reasonably efficient manner. These techniques, and manu- 
facturing improvements which became available in the 1904-1914 
period, did much to make step-by-step switching economically more 
competitive with manual. By 1914, almost all of the basic principles 
that were to be used in this type of switching during the next 50 years 
had been developed. 92 Their durability is a tribute to the great 
ingenuity of the early workers in this field. 

4.23.2 Service Improvements. While improved network organiza- 
tion did much to make step-by-step economically competitive with 

91 This resulted from the effort being devoted by Bell to the development of "large 
switch" systems, as described in Section 4.3. The concept originated about 1905 and a 
patent application was filed July 30, 1907. U.S. Patent No. 1,002,388 was issued September 
5, 1911. 

92 During the long life of step-by-step, many apparatus and manufacturing improve- 
ments were devised and incorporated in production. However, with the exception of the 
addition of a degree of indirect control in certain special situations, the basic network 
organization for the small and medium-sized cities was not significantly changed. The 
main impact of the common-control system described in Section 4.3 was on large cities and 
for many years step-by-step remained a system functionally and economically attractive 
only for small and medium-sized exchanges. 
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manual switching, automatic switching could never compete seriously 
with manual systems until it provided all the services offered by the 
latter. Providing these services automatically was beyond the technology 
available in the first part of the twentieth century and a compromise 
approach was used. Instead of attempting full automation, devel- 
opment was confined largely to automatic exchange (and some PBX) 
switching systems which could be combined with manual operation in 
those areas where technology could not provide suitable automatic 
replacement. 93 

Even with this limited goal, the service provided by early step-by- 
step systems lagged behind that furnished by manual systems, but 
the capabilities of the two types of systems began to be equalized 
after 1905. It was in this year that common-battery talking was 
first used (at South Bend, Indiana), but it was not until 1907 that 
the metallic circuit was used, as in manual boards, for carrying 
speech, battery supply, and control signals. At this time, the use of 
slow-release relays made it possible to eliminate signaling over ground- 
return circuits as used previously. Typical battery supply arrange- 
ments used on exchange calls are shown in Fig. 6-53. On a non- 
trunked call, talking battery was supplied to both parties through a 
bridged retard scheme using holding magnets in the connector as 
retardation coils. On trunked calls, the connector furnished battery 
to the called party but the calling party was supplied from its own office 
through a "repeater,” a device which provided an interface between 
trunk and interoffice signaling. 

Four-party, full-selective ringing service was introduced about 
1905. The Automatic Electric Company used a "harmonic" ringing 
scheme to distinguish among the parties on the line. Each part was 
assigned a specific one of four ringing frequencies and also was furnished 
with a ringer tuned to respond only to that frequency. The frequencies 
commonly used were 16.6 hertz and its second, third, and fourth har- 
monics. Each party had its own line number; usually these were alike 
except for the third digit from the end. This digit served to trunk the 
call to a group of connectors which supplied ringing current at the 
appropriate frequency. Step-by-step systems manufactured for the 
Bell System were designed for the biased ringing that the System 
had long used (see Section IV of Chapter 3). 

Ringing initially had required specific action by the calling party 
but in the 1905-07 period automatic ringing was introduced, the 
ringing current being sent out through the connector as soon as the 


93 For example, manual operation, with a few exceptions, was used for handling and 
charging toll calls until after World War II and even now some services such as directory 
assistance are still handled more effectively on a manual basis. 
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(a) 



(b) 


Fig. 6-53. Battery supply circuits for step-by-step offices: (a) talking circuit of single- 
office connection; (b) talking circuit of interoffice connection. (Redrawn from Smith and 
Campbell 1914, Figs. 51 and 56) 


wiper made contact with the desired line. The calling party received 
an appropriate signal to indicate that ringing was in progress. 

Two other signals also were supplied automatically to replace opera- 
tions normally performed by the operator. The first of these was dial 
tone, which indicated that equipment was available for service and 
thus replaced the operator's request for a number . 94 The second signal 
indicated unavailable (busy) equipment. If the connector, upon reach- 
ing its dialed position, found the line in use, it continued stepping to 
a final segment where the brush was connected to a busy tone trans- 
mitted to the calling party. Later, similar arrangements were used to 
indicate busy intraoffice or interoffice trunks. 

4.2.4 Manual and Automatic Interconnection 

Originally, the interconnection of manual and step-by-step offices 
presented no problem since conversion to automatic usually was 

94 This was required when line finders and switches were introduced since they were not 
always immediately available to the calling subscriber. Prior to this time, dial tone was not 
needed since each subscriber's line was permanently connected to its own first selector. 
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done only in small cities where it was carried out for an entire ex- 
change. Calls to areas beyond the automatic exchange were handled 
through the toll operator. Later, new automatic offices were intro- 
duced on a growth basis in cities where the existing manual offices 
were retained. Interface requirements were an important part of 
the “Big City Problem" faced by the Bell System and will be discussed in 
the following section. Generally speaking, the same general principles 
were followed in step-by-step areas. 

4.3 Common-Control Systems 

The unique feature of the system just described was a piece of 
apparatus of great versatility. It was a switch, directly controlled 
by the caller, with two directions of motion. This basic configuration, 
with appropriate associated control relays, could be used to perform 
the various functions required to set up progressively a network for 
interconnecting subscriber lines. The unique feature of the system 
we are about to describe was not a piece of apparatus but a system 
concept, common control , 95 which could be implemented with a 
great variety of connecting switches. Over the years the basic con- 
cept has indeed been used with two-dimensional switches of the 
Strowger type, other types of rotary switches, linear switches of the 
panel type, crosspoint switches, relays, electronic devices, and even 
with switching on a time-division basis. While this history will be de- 
voted largely to progressive systems using switches of the panel, or 
linear, type, it is important to remember that the common-control 
principle, which (in simplified form) made its start with this system, 
was one of great potential power. It has expanded in scope and been 
adapted to the application of new technology up to the present day 
and in all likelihood this process will continue well into the future. 

4.3.1 The Basic Concept 

In a simplified way, the common-control principle can be stated 
rather briefly. Instead of using the dial pulses directly for the opera- 
tion of connecting switches, the pulses are processed in a manner 
that operates the interconnecting mechanism and performs other 
switching functions in the most effective way. A common-control 
switching system, particularly in its later and more sophisticated form, 
has been likened to a highly complex computer with many input and 

95 Common control is a generic term used widely in the Bell System as abroad description 
of any system in which the dial pulses from the user do not directly control the connecting 
switches but are first processed by equipment used in common by many switches while the 
call is being established. The simpler forms of common-control systems, such as those 
described in this chapter, are sometimes referred to as Indirectly Controlled Systems. 
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output terminals (subscriber lines and trunks) which can be inter- 
connected at will as directed by dial pulses sent from any of the input 
stations. The common control accepts the dial pulses, puts them in a 
temporary store, and translates them into the machine language that 
is best adapted to controlling the interconnecting switches. In this 
converted form the stored signals are used, under the direction of a 
built-in program, to control the switch operation required to make 
the desired connection, alert the output station, and send information 
to the input station on the status of the operation (e.g., in progress, 
complete, or unavailable). 96 

4.3.2 Genesis of Common Control — The " Big City Problem” 

In retrospect we can see that the common-control concept evolved 
from Bell work on what may be called the “Big City Problem." At 
the time, bits and pieces of the problem were solved by ingenious 
ideas, probably with no broad philosophical unifying principle, but as 
these parts were developed, it became clear that collectively they con- 
stituted a new approach to machine switching, giving efficiency, 
flexibility, and potential for new functions that were impossible with 
direct control of each switch by pulses from the subscriber. Let us go 
back and review how this came about. 

Before the turn of the century, offices of 100 lines or less appeared 
to be the most favorable market for automation because of the high 
cost of operators in such locations. This proved not to be the case 
since growth was rapid and the simple schemes favorable for very 
small offices were not well adapted to growth into the larger sizes 
soon needed. Early in the twentieth century it was apparent that the 
bulk of the cities would fall into the single-office (100-10,000 lines) 
category, a field actively being developed by the Automatic Electric 
Company, using the step-by-step approach. In 1905, Bell explored 
the small-city area very carefully. It was found that the systems 
then available could not provide service equivalent to manual. Even 
after service deficiencies were removed (as they were in a few years), 
they could not at that time compete economically with modem manual 
systems. Such existing systems could expand very inexpensively by 
adding positions whereas automation usually required replacement 
of the entire office. 

Thus, about 1906, both experience and logic suggested a look at 
automation in large cities. This was reinforced by the enormous 


96 This is oversimplified and describes in a general way the original concept of a 
switching system. Today, systems are far more complex and designed to perform many 
functions besides interconnection of telephone subscribers. But this is beyond the scope of 
this portion of our history. 
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telephone growth in these cities (mostly served by Bell). Such growth 
required the frequent addition of entire offices (economically the most 
favorable field for machine switching) and also was causing difficul- 
ties in obtaining and retaining adequate operator personnel. A review 
showed that this was indeed the field in which Bell effort should be 
concentrated even though this was, unfortunately, the area where 
technical problems were most severe and new approaches most needed. 
It was a fortunate decision since the solution of these problems led 
to the common-control concept. 

Two of the technical problems were outstanding. One was the in- 
flexibility and poor economy resulting from the size limitation of the 
available switches. (This type of switch provided access to only ten 
transfer trunks when used as a selector and only 100 subscribers as 
a connector.) The other problem arose in adding machine offices to 
a large network of manual offices. 

4.3.2. 1 Switch Limitations. As we have noted in Section 3.6, theoreti- 
cal studies of the relation between size of trunk group and its effi- 
ciency of use had been started as early as 1898 and ten years later 
the mathematics underlying this relation was well understood and 
emphasized the restrictions of the 10 x 10 switch. As an example, if 
it is tolerable to have all trunks busy 1 percent of the time, a group of 
ten trunks can carry a load averaging slightly over four calls, but 
with a 20-trunk group the average permissible load becomes 11 as 
compared with the eight which would be obtained with two ten-trunk 
groups. 97 Obviously there was a great potential economic advantage 
in a system organized about large-access switches. 

Gray's invention of the graded multiple went far toward over- 
coming the capacity limitations of the small-access 10 x 10 switch 
but was both less efficient in the use of trunks (and associated equip- 
ment) and less flexible than a larger switch would have been. The de- 
sign of a larger switch was not the major problem; 98 the main dif- 
ficulty lay in finding means by which such switches could be controlled 
by the dialing system with which the subscriber was familiar. The 
problem was solved in 1905 by E. C. Molina who proposed trans- 
lation at the central office of the incoming decimal system of pulses 
into a non-decimal control system adaptable to large switches and 
groups of equipment. 

As a result, AT&TCo early in the following year proposed a scheme 
based on the idea of registration and translation of signals by means 


97 Greater improvements result from even larger trunk groups or from more stringent 
limitations on the permissible percentage of busy trunks. 

98 A number of these large switches are described in Section 4.3.4. 
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of a "sender" which acted as intermediary between the incoming 
signals from the subscriber and the switches. Registration made it 
possible to record, without delay, the desired number in decimal 
form as received from the customer and allowed the necessary time 
for processing these signals and for hunting over large groups of 
lines and trunks. Translation converted the decimal signals into the 
format best suited to the switch mechanism and trunking plan re- 
quired for economical operation. 

The sender obviously would be a complicated and expensive mech- 
anism but, since it was required only during that part of the call 
during which connection was being established, it was possible to 
have it completely separated from the switching mechanism proper 
and connected only as needed. Thus a small number of these complex 
senders could be used in common for controlling a large number of 
the rather simple switches that established the talking path. 

This was the beginning of the common-control concept. This 
concept not only solved the problem of using large-capacity switches 
but also removed much of the control equipment from individual 
switches, where it was used inefficiently, 99 and concentrated it in com- 
mon equipment where it received high usage. In addition, when trans- 
lation was made changeable by some means such as cross-connection, 
common control provided flexibility both for adapting machine 
switching to the trunking plans required in large cities and for meeting 
the requirements which arose when an increasing number of machine 
offices were added to a large-city network of manual offices. 

Before discussing the problem of manual-machine interconnection, 
we should note another aspect of common control that was invented 
during the first 50 years of telephony even though it was not applied 
commercially until many years later. 

Both in direct control and in early common-control systems (such 
as those described in this portion of our history) the switching network 
was of the "progressive" type. Selectors "hunted" for an idle transfer 
trunk, testing each contact position until one not in use was found. 
In the period between 1921 and 1925, Western Electric engineers devel- 
oped a coordinate machine-switching system and built a complete 
laboratory model. In many ways, the system concepts were highly 
advanced and too far ahead of available technology for economic 
implementation and, for this reason, development did not go beyond 
the laboratory at the time although most of the basic ideas were 

99 As noted previously, each step-by-step switching unit consisted of two parts, first, 
banks of contacts and a wiper arm for establishing connection and, second, some 
half-dozen relays to control the wiper arm under guidance of pulses from the subscriber 
and other, intraoffice signals. These relays constituted a significant part of the switch unit 
but many received very little usage, most being idle during much of the day. 
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applied later. Of these we have space to discuss only one, the marker 
principle. 100 In simplified terms, this was an extension of the common- 
control function to include the directing of connecting switches to 
idle terminals instead of hunting until one was found. 

4.3.2.2 Addition and Interconnect Problems. If machine switching 
were to be used efficiently for meeting growth requirements in large 
cities, it meant adding machine offices of 10,000-line ultimate capacity 
to an existing large network of manual offices of a similar size. 
Since machine offices would initially be in the minority, it obviously 
was important to find ways to make these additions which would 
not require major changes in the manual offices, the trunking plant, 
and the calling methods used by the customer. Furthermore, any 
solution adopted would have to use a switching plan that would be 
flexible enough to provide not only for the predictably large average 
growth but also for unpredictable variations which were certain to 
occur. These problems were not only technical in nature but also 
psychological and while the outcome of the solutions devised for 
the former were predictable, the solutions of those involving customer 
reaction were not. As we shall see, the uncertainty about subscriber 
acceptance of changes in telephone procedures was one reason for 
delaying the solution of problems involving manual office and machine 
office interconnection. 101 

The problem of calling from a manual to a machine office was 
simply solved. The caller could give the desired number by voice to 
his A operator and she would either dial it over a trunk to the machine 
office or pass it by voice in the usual manner to a B operator in 
the machine office who would do the dialing. The latter procedure 
involved no changes in existing offices and gave minor operator 
savings. The former procedure eliminated the B operator at the machine 
office, but required the installation of dials (or equivalent keysets) 
at all manual A positions. Economic considerations could determine 
the procedure followed since it was quite practical to start with B- 
operator dialing when the city had only a small percentage of machine 

100 In addition to the marker, other innovations in the coordinate system which were 
used some years later in other systems were the crossbar switch (first proposed by J. N. 
Reynolds of the Bell System in 1913), large multicontact relays, a trouble indicator which 
used both indicator lamps and a teletypewriter printout, self -checking circuits, and the 
ability for a “second trial" if a first attempt failed to establish a connection through the 
switches. Although several of these innovations involved new types of apparatus, other 
features were based on extensions of the common-control principles already described. 

101 We have space to outline only a few aspects of the "Big City Problem." An excellent 
discussion of this problem is presented in considerable detail in Chapter VIII of the book by 
J. H. Robertson, The Story of the Telephone, published in London in 1947 by Sirlsaac Pitman 
and Sons, Ltd., and shows that other administrations also were seeking solutions to the 
problem. 
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offices and convert to A-operator dialing when the percentage in- 
creased enough to make the procedure economical. 

The reverse interconnection, where a call to a manual office 
originated in a machine office, presented more difficulties. One 
possibility was to have the machine subscriber dial an operator, ask 
for the call by voice, and have it handled from there on by manual 
methods. There was general agreement among telephone adminis- 
trators that this procedure would be acceptable for occasional calls 
and it was used for many years to handle toll calls which required 
operator assistance for other reasons. But it was generally agreed that 
this solution would be unacceptable on exchange calls. Not only would 
operator savings be small (being restricted to full-machine calls), 
but the burden on the customer would be too great. He would be 
asked to use different procedures for reaching two groups of people 
and, since machine offices would be added frequently, the people in 
the groups would be constantly changing. There was a technical 
solution to this problem too since it was quite possible (particularly 
with common control) to have the signals from the machine office go 
directly to the manual office B board where they operated a unit (known 
as a "call indicator") that visually displayed the desired number. 102 

The most difficult problem came from the need for a different 
numbering plan if machine offices were to dial calls into either a manual 
B board or into another machine office. As the manual system evolved 
to the point where a number of central offices were required, it had 
become the custom to assign a name, usually with local geographic 
significance, to each office. Thus each customer's number consisted of 
a name to designate his office and four digits to indicate one of the 
roughly 10,000 jack positions, or lines, in the office to which he was 
connected. The problem in calling from a machine office was that 
dials were intended to handle digits and had no provisions for handling 
names. A few small cities using step-by-step systems employed five 
digits, one of which was for all practical purposes an office designa- 
tion. However, it was easy to determine that the growth expected 
in large cities would ultimately require a seven-digit number. This 
had two disadvantages. Some tests made in the early 1900s indicated 
that this would be unsatisfactory because the short-term memory 
span of many people could not handle seven digits and many dialing 
errors due to memory lapse might occur. 103 This, in itself, was con- 

102 As discussed later, this scheme was adopted and used for many years. As technology 
became more sophisticated, "call announcer" machines were devised which translated the 
signals into the spoken word, but this goes well beyond the scope of this chapter. 

103 Unfortunately, the documentation of these tests seems to be unavailable today and it is 
not possible to state definitely why it appeared so certain that seven-digit numbers would 
be impossibly long while present-day use is commonplace. It is possible that the 
interpreters of the tests placed too much emphasis on the difficulties involved in going from 
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sidered a sufficient reason for not using all-number dialing and, in 
addition, if dialing from machine to manual office was to be accom- 
plished without passing the call by voice at the machine office, it would 
be necessary to simultaneously change all numbers within a city to the 
digital form as soon as one machine office was cut into the exchange 
network. This was an additional powerful deterrent. 

The problems just dealt with in detail were some of the reasons 
why J. J. Carty, at the time of his 1910 paper, favored only partial 
automation since the interconnection between dial and manual offices 
could be handled with fewer complications if the A operator instead 
of the customer did the dialing. 

However, the solution to the seven-digit problem proved very 
simple when it was discovered in 1917 by W. G. Blauvelt of the Ameri- 
can Telephone and Telegraph Company. 104 He proposed that posi- 
tions on the dial be used to designate letters as well as numbers. The 
first or 1 position on the dial and the last or 0 position would remain 
unchanged. Each of the other eight positions would be imprinted with 
three letters as well as the number, ABC being associated with 2, 
DEF with 3, etc., as shown in (a) of Fig. 6-54. The letters Q and Z were 
omitted because of their little use. Each phone number would be made 
up of the first three letters of the office name followed by four digits. 
This meant that the information to be remembered in trans- 
ferring from the telephone directory to the dial was very nearly the 
same as for manual calling. No change in existing numbers in manual 
offices was required except in those few cases where the first three 
letters or two or more office names translated into the same digits. 
Aside from these cases, no directory changes were required, but as an 
aid to dialing, the first three letters in an office name were ulti- 
mately capitalized as shown in (b) of Fig. 6-54. 

Common control did little to solve the interconnecting problems 
just discussed except in the case of the call indicator. In this develop- 
ment, registration in the sender provided the necessary time for trans- 
mitting the signals and setting up a display; translation made possible 


five-digit to seven-digit dialing. This would not be surprising since "human factors" 
testing of this sort is full of pitfalls and in the early 1900s was in its infancy. In a typical 
memory test, the digits are presented by voice, one per second, and there is no opportunity 
for review or "rehearsal" at the end of the presentation. This is a much more severe 
condition than is encountered in the usual telephone dialing situation where numbers are 
displayed visually and the dialer can rehearse the number until he is confident that he has 
memorized it. He also has an opportunity to refer back to the display during dialing if the 
need arises. 

104 After some 50 years' experience with this scheme, it seems so obvious that it is 
unbelievable that it took so long to invent and it is difficult to realize the tremendous 
significance of the proposal when it was made. Perhaps this is merely one more indication 
that the genius behind invention often lies in the ability to see the simple and obvious 
solution that others have overlooked. 
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Argent Co, 1400 Bway GRE eley 5513 

Argentina Brazil & Chile Shipping Co 

70 Wall. HAN over 0307 
Argentine Gen l Consulate, 17 Batry ph.RECtor 6946 
Argentine lmpt & Expt Corp. Prod Ex...BR0ad 1768 

Argentine Mercantile Corp, 42 Bway BRO ad 5066 

Argentine Naval Commission, 2 W 67. .COL mbus 5623 
Argentine Quebracho Co, 80 Maiden la....JOHn 1652 

Argentine Railway Co, 25 Broad BRO ad 1383 

Argentine Trading Co, 1164 Bway MAD Sq 1871 

Argeres Bros, Rest/nt, 86 6th at SPR ing 5337 

ArgeroA. Grocer, 119 9th av CHE Isea 6255 

ArghisA, Tobacco, 74 Wall HAN over 6311 

Argirople Theodore, Jwlr, 406 8th av..FARragut 9772 
Argo Packing Corpn, 705 Greenwich. . .FAR ragut 4505 

Argon Dress Co, 24 E 12 STU yvsnt 2011 

Argonaut Supply Corp, 50 Union sq.. STU yvsnt 7476 
Argonne Steamship Co, 1 7 Battery pi . . . REC tor 2493 

Argos Ad-Art Co. 1133 Bway FAR ragut 5986 

Argosy The (A Pub), 280 Bway WOR th 8800 



Fig. 6-54. (a) Dial for letter-number dialing, (b) Sample of telephone directory set up 

for three-letter, four-number dialing. (Craft, Morehouse, and Charlesworth 1923, Fig. 9) 


an efficient signal format for rapid transmission over trunks and 
actuating the display. However, the flexibility of common control 
was to prove of great importance in implementing a highly effi- 
cient trunking plan for large cities. The factors involved are on the 
whole too complex for detailed exposition in this history but one 
example will serve as an illustration. As important factor in trunk 
economy is the ability to use tandem systems for connecting offices 
with light traffic between them and direct trunking to connect offices 
with heavy traffic. With direct-control systems this capability, gen- 
erally speaking, does not exist . 105 The basic reason is that one digit 
is required for operating each selector switch and a tandem routing 
will consequently require an extra digit as compared to a direct 
trunk route. With the indirect control used with the panel system, 
the digits are stored until switching is completed and translation can be 
arranged to set up whichever route is programmed. 

While much more could be said about common control, there is 
no need to belabor its widespread benefits. However, we should not 
close this section without pointing out that there are some disad- 
vantages also. The system is basically complex and generally requires 
somewhat higher levels of skill on the part of maintenance personnel 
although in newer systems this is more than offset by built-in testing 
and diagnostic features. Because common-control systems use trunks 
more efficiently they tend to be more susceptible to trouble under 
conditions of severe overload, but these problems can be mitigated 

105 Rather cumbersome expedients sometimes can be used to achieve some of the benefits 
but the schemes are likely to place severe restrictions on the trunking plan and result in 
limited economies. 
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by load-control features. Finally, and perhaps of most importance, 
common-control equipment is expensive. A substantial amount of 
this expensive equipment is required for even a small system; there 
is a sizable getting-started cost and the cost-per-line of the common 
equipment may be high in small, slow-growing offices. Once full 
size is approached, however, the cost-per-line of the central equip- 
ment becomes much less important. Thus the common-control ap- 
proach is less attractive for the smaller, isolated systems and this is 
an important reason why step-by-step has remained the system of 
choice for such locations for such a long period. 

4.3.3 Evolution of the "Panel" System 

The need for a big-city system using mechanical switching and the 
probable economies resulting from its use were well known by the 
middle of 1905. The problems also were fully appreciated and appeared 
almost insurmountable. When Molina's translation and registration 
scheme promised to solve one of the major problems, it was decided 
early in 1906 to go ahead with development. Since no other way 
for handling the manual-machine interconnecting problem existed, 
the basic plan at this time, and for several years to come, was to con- 
centrate on a semimechanical scheme using automatic distribution 
of calls to A operators who would set up the calls on keysets for me- 
chanical completion through the switches that replaced the B operators. 
This would eliminate B operators and hopefully would give faster 
service than the best manual system. 

The first effort went into developing a large switch since this probably 
would be responsible for a major part of the system cost. By March 
1906, Western Electric engineers had designed two rotary switches, one 
a 200-point (20 around and 10 up) selector and the other a 306-point 
(34 around and 9 up) selector. In examining the manner in which they 
would be used in a system, it was apparent that conventional means 
for multipling these switches would involve large amounts of cabling 
at a prohibitive cost. It was at this time that the unique approach was 
adopted of setting up two separate design groups for developing com- 
peting ways of using the registration and translation system for large- 
city systems. 106 One of these groups continued with the rotary-type 

106 This was probably the first large use of competitive development groups within an 
industry to stimulate invention and improve the product. A similar competitive approach 
to transmitter development had been used on a small scale in the early nineties and had 
resulted in the solid-back transmitter (see Section 2.1.3 of Chapter 3). Perhaps this 
stimulated the approach used for switching development. At any rate the competition was 
highly successful in that the resultant system was a composite of the best features devised 
by each group. Competition among development organizations within the Bell System is 
commonplace today as witnessed by concurrent work on wire, microwave, waveguide, and 
satellite transmission systems as well as the intensely competitive work on analog and 
digital transmission and on space-division versus time-division techniques in switching. 
These examples represent only a few of the cases where parallel work is carried on, aimed at 
developing the best technology for handling all aspects of communication. 
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switch and devised a special flat-woven cable to provide simpler and 
more economical multipling. The other devised a linear switch (later 
known as the "panel bank") that employed punched metallic strips to 
serve both as contact points and connections between points, thus 
obviating much of the need for cable multiples. 

In June of 1907 the two schemes were reviewed in an effort to decide 
on a system incorporating the best features of each. The time was not 
ripe for such a decision and parallel development of the two systems was 
continued during the next few years with frequent review and inter- 
change of ideas. Desirable features of each system were incorporated 
in the other. From the beginning, registration and translation in a sender 
had been a basic part of each system and each also employed power drive 
for the switches, but there were many differences. The fundamental 
trunking plans differed and since that devised for the panel system 
seemed superior, it was applied to the rotary system. The group develop- 
ing the rotary system had devised revertive control, multiple brushes 
with selective tripping, and the rotary sequence switch, all of which were 
adapted for use in the panel system. 107 Thus, within a short time the 
two systems were fundamentally the same, differing only in those par- 
ticulars governed by the differences in the switching mechanism. 

By the middle of 1908, developments had advanced far enough to 
permit the field trial of a semimechanical system in the form of a PBX. 
This trial system was cut into service at the Western Electric Company 
building at 463 West Street, New York City, on November 29, 1910, and 
operated with satisfactory results. At this time the development of the 
rotary switch mechanism wa^ further advanced than the panel switch 
and it was used in the trial PBX. It also was used in the system manufac- 
tured by Western Electric in Europe about 1911 in answer to the strong 
competition of other mechanical systems. Largely as a result of this 
offering, the rotary system has received large use in Europe. 108 How- 
ever, in 1911, there was still doubt that the rotary system was the best 
answer for the large-city conditions existing in the United States even 
though it appeared adequate for the smaller installations required 
abroad. Further studies were made that, by 1912, showed the panel 
system had a potential for better serving the large trunk groups asso- 
ciated with the rapid telephone development being experienced in the 
big cities of the U.S.A. Consequently, all further development effort 
was concentrated on this system for Bell use. 

After a trial of the panel switch in the West Street PBX, it was decided 
in 1913 that the panel system was ready for large-scale field trials. 
Although full mechanical switching employing panel selectors was 
operating in the laboratory at the time, semiautomatic operation was 
selected for field trial since it could be used for a large-scale trial of the 

107 These techniques and devices are discussed in Section 4.3.4. 

108 As indicated in Chapter 2, Western Electric was active in the foreign field until 1925. 
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essential elements of the system in a large city without the complication 
and ambiguities involved in simultaneously introducing dialing by the 
subscriber. It would also provide more flexibility in modifying or adding 
to the equipment as the trial progressed. A further decision was to 
separate the trials of the mechanical switching and automatic call distri- 
bution in order to expedite the trials and better evaluate the benefits of 
the two functions. 

Equipment to implement the field trials was designed and built by 
Western Electric to provide semimechanical switching in two Newark, 
New Jersey, offices. The Mulberry office with 3,640 equipped lines was 
placed in commercial service on January 16, 1915, and the Waverly 
office with 6,480 lines was cut over on June 12 of the same year. These 
offices worked in association with manual offices in the area and two 
tandem offices. Beginning in April 1917, automatic call distribution was 
tested in another semimechanical office in Newark, Branch Brook, 
which was equipped for 7,400 lines. Two months earlier, a manual office 
with automatic call distribution had been cut into commercial service in 
Wilmington, Delaware. 

While the mechanical switching trials were being conducted, opera- 
tion and maintenance were extensively studied. Operating loads were 
not entirely up to expectation but the trials m other respects were highly 
successful and demonstrated that panel equipment could be depended 
upon to give high-quality, reliable service in an area where the require- 
ments were as severe as any in the world. At the same time as these field 
trials were made, work was being carried out in the laboratory on adapt- 
ing the equipment for customer dialing (i.e., full mechanical switching) 
and extensive cost and service studies were made of manual, semi- 
mechanical, and full mechanical systems when used in cities of various 
sizes. The mechanical systems studied included not only panel but also 
the step-by-step system of the Automatic Electric Company and the 
Clement System manufactured by North Electric. As previously noted, 
patent agreements had been made during 1916 with both of these 
companies. 

As a result of this work, much of the material was at hand in early 
1917 for making definite recommendations relative to the use of machine 
switching in the Bell System. In some areas the labor situation was 
becoming desperate because the vast expansion of industry, resulting 
from World War I, was not only increasing labor costs but greatly re- 
ducing labor availability. As a result, a memorandum for J. J. Carty, 
then AT&TCo Chief Engineer, was prepared under the date of July 24, 
1917, making recommendations for all-size offices as follows: 109 

109 As we shall see, this memorandum was premature by a matter of several months since 
a number of problems, including the important interconnection problem in metropolitan 
areas, were still unresolved, but the enormous traffic and labor problems disclosed at a Bell 
technical conference in 1916 made immediate decisions on mechanization imperative. 
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Single-Office Cities — Continue with manual switchboards in most 
such cities, deciding after the completion of trials in progress whether 
or not automatic call distribution to the answering operator should be 
used . The chief reasons for the recommendation were that speed of serv- 
ice and accuracy were essentially the same for the two systems and cost 
favored manual at 1916 salary levels and would break even with 
machine at a 25-percent increase. Growth could be cheaper for manual, 
particularly if machine replacements elsewhere made excess manual 
positions available. The availability of labor was not controlling in 
most small cities and machine switching systems could be considered 
where labor was an important consideration. 

Multioffice Cities Not in Large Metropolitan Areas — Adopt a full 
mechanical system for all growth and convert existing equipment as 
rapidly as practical (probably in about seven years on the average). 
Principal reasons for the recommendation were the improved speed 
of service on trunked calls, reduction in errors, improved economy, 
and difficulty in obtaining adequate labor supply for full manual 
operation. At the rate of conversion recommended, no need for 
dismissing employees would arise. Means for handling the addition 
and conversion of offices were available but some problems had to 
be solved before handling message-rate service on four-party lines. 
Metropolitan Areas Such as New York, Philadelphia, Chicago, etc . — 
Use semiautomatic system for all growth and for conversion of exist- 
ing manual systems, but with a 15- to 20-year period for replacement 
rather than the shorter period recommended for the smaller offices. 
A full mechanical system was considered to be more desirable for 
all reasons except those arising from the need for seven-digit dialing. 
The semimechanical system would avoid these problems and most 
of the central-office equipment could be utilized later for full mechani- 
cal switching if and when the customer dialing problem was solved. 
In the meantime, semimechanical systems would give speed of service 
equal to manual, improve accuracy, reduce cost, and ameliorate the 
labor problem to some extent by reducing the need for operators by 
about 30 to 40 percent and eliminating some of the more boring and 
burdensome parts of their work. It was believed that the latter aspects 
would reduce the turnover of operators. 

PBX Service — Make available semimechanical private branch 
exchanges on a provisional basis until experience with this equipment 
in the hands of the public demonstrated more clearly the advisability 
of full mechanization. 

An interesting theme running through this memorandum is the ques- 
tion of customer acceptability. Not so many years before, many tele- 
phone people were uncertain that the public would accept the added 
burden of dialing. However, experience had shown that customer senti- 
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merit ran strongly in favor of dialing, one reason being that they believed 
it provided much faster service since, being occupied during dialing, 
they tended to ignore the time required for dialing. Thus, in 1917, there 
was no longer a question about the acceptability of dialing but, on the 
contrary, there was considerable concern over the adverse reaction of 
those customers who, of necessity, would have to continue with what 
they might consider the less-modem manual system even though the 
actual service in many cases would be quite comparable. 

The recommendations of the July memorandum were approved by top 
management of AT&TCo in a letter to Carty on September 13, 
1917. By a strange quirk of fate, about the time that this let- 
ter was being written, Blauvelt proposed his three-letter, four-number 
system which would eliminate the reservations on full mechan- 
ical systems in metropolitan areas. As a consequence of further 
work on his proposal, plans were approved in November 1918 for 
designing the first metropolitan machine office for customer dialing 
and all subsequent work was on full mechanical systems with one 
exception. As early as 1916, the New York Telephone Company was 
in need of an additional tandem office to supplement the three manual 
tandems then in use. The need was acute because of the large growth 
of suburban traffic requiring expensive and inefficiently used trunks if 
handled by means of direct trunking. Tandem trunking greatly reduced 
the cost of outside plant but increased the error rate since the operating 
practice in use at the time required a repetition of the number at the 
tandem office. For this reason, and because of congestion in the trunk 
multiple of the tandem boards, it was decided in September 1917 to make 
the new tandem office a semimechanical installation. Work on this New 
York City office, known as Metropolitan Tandem and located in the 
Walker- Lispenard Building, was started in early 1918 and it was placed 
in service in the middle of 1920. The use of the semimechanical 
system reduced the errors, as compared to manual tandem, because it 
eliminated one repetition of the called number. In addition, it provided 
an important step toward further mechanization by furnishing a highly 
useful link in the interconnection of manual and machine offices. Both 
of these advantages will become apparent subsequently (Section 4. 3. 5. 3). 

Unfortunately, the ambitious program for introducing mechanical 
systems planned in 1917-18 was negated by United States entry into 
World War I on April 6, 1917. By the time the decision to proceed had 
been made, employees were beginning to join the military services and 
large parts of the development and manufacturing organizations were 
beginning to concentrate effort on war projects. On August 15, 1918, 
the Postmaster General (who was given control of all communication 
during the war and remained in charge until July 31, 1919) ordered all 
telephone companies “to confine extensions and betterments to impera- 
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tive and unavoidable work to meet war requirements and the vital 
commercial needs of the country.” Following the end of the war there 
was an acute shortage of labor, an unprecedented increase in cost, and 
a great deficiency of all kinds of telephone plant, which had to be sup- 
plied in the quickest way possible. It was not a favorable atmosphere for 
introducing new types of equipment and, as a result, the first full- 
mechanical panel office (the Atlantic office in Omaha, Nebraska) was 
not cut over to service until December 10, 1921, and the first metropolitan 
area office (Pennsylvania in New York City) was put in service October 
14, 1922. 110 Growth of panel continued at the rate of about 100,000 lines 
a year through 1926, after which it increased more rapidly, reaching a 
rate of nearly 400,000 lines a year by 1931. 

4.3.4 Implementation of the Panel System 

4.3.4.1 Basic Plan. The basic plan of the panel system underwent some 
changes in the early years but by 1923 the basic scheme used for a full 
machine connection was as diagrammed in Fig. 6-55. 111 This bears some 
resemblance to the step-by-step system in that both are of the progres- 
sive type using a number of switches in tandem. However, they differ 
basically in that the panel system uses larger switches controlled by a 
sender. Because these switches give access to many outputs, fewer are 
required in tandem. 

These switches will be described shortly. For an understanding of 
the manner in which a machine call is set up it is only necessary to know 
that the switches consist of hundreds of contact points in vertical 
columns and that the switch arm (commonly called a selector) is a rod 
which moves vertically and has access to any of the points along the line 
of motion. Progress of the call on a full machine connection is as follows: 

Subscriber lines are connected to switchpoints in a line finder frame 
and when the receiver is removed from the switchhook, preparatory 
to dialing, a switch arm is actuated on this frame and moves vertically 
to select the caller's line. At the same time the switch arm is connected 
to a sender through an associated sender selector. Upon completion of 
these operations, which take only a short time, a "dial tone" is sent to 
the caller indicating that the machinery is ready to accept dial pulses. 
When the subscriber dials, his decimal-type pulses are registered in the 
sender and translated into the signals required for controlling the subse- 
quent selectors, which operate on a non-decimal basis. As a first step in 
the switching process, the sender causes the particular "district selector" 

110 The Omaha office used six-digit dialing. The New York City and all subsequent offices 
were designed for seven-digit. In both cases the subscriber numbers used a combination of 
letters and numerals. 

111 Arrangements for handling calls between machine and manual offices are covered in 
Section 4. 3. 5. 2. 
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(which is permanently associated with the line-finder selector used) to 
select a trunk to the office desired. 

If the call is for a subscriber in the same office, the trunk chosen will be 
an internal one terminating at an "incoming selector" frame and the 
sender will cause the call to be routed through the incoming selector 
to a final selector and thence to the particular line desired. When the con- 
nection is thus completed, audible signals will be sent back to the calling 
subscriber to indicate that the station is being rung or that the line is 
busy. In either case the sender is released from the call and becomes 
available for use on another. 

For calls to a subscriber in another machine office, two alternatives 
exist for completing the call over direct trunks . 112 If the trunking network 
is small, the district selector will connect to an external trunk to the 
distant office. If, as more likely, the network is large, with many inter- 
office trunks, the district frame, despite its large access, will not have 
enough contacts to reach all offices directly and the trunk will be routed 
to an additional switching stage through the office frames that are 
provided in sufficient numbers to give access to all the outgoing trunks. 
The outgoing interoffice trunks (regardless of routing in the originating 
office) terminate at incoming frames at the distant office and connection 
is made to the called subscriber through these and the final frames 
as described previously. 

Connections between the machine and manual network will be 
described later. For the present it suffices to say that it is unnecessary 
for either the caller or the manual A operator to know the type of office 
in which the call terminates. Regardless of the type of office in which a 
caller is located, the procedure is the same for calls to either type of called 
office. Manual B operating procedure is basically the same on calls 
incoming from manual and machine offices with the exception that the 
desired number is received aurally in the former case and by means of a 
visual display if from a machine office. 

Machine switching does not require radical changes in private branch 
exchanges. The PBX is provided with dials, and calls to the central 
office are dialed by the attendant or by the extension user in the same 
way as the ordinary subscriber dials. No change is required for handling 
incoming calls, the PBX trunk in a machine office being treated very 
much in the same way as an individual subscriber line except that the 
final selector automatically passes over busy PBX trunks and connects 
to the first one found idle. At the PBX the incoming call from a machine 
office reaches the attendant in the usual manner and is handled by her 
in the same way as one from a manual office . 113 

112 As discussed in Section 4. 3. 5. 3, tandem trunking also could be used with the panel 
system. 

113 It was not until the 1960s that it became possible for callers to dial PBX extensions 
directly, except for panel offices. 
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After this broad overview of the way in which panel machine-switch- 
ing functions, we can examine the equipment used and better under- 
stand the design features developed to implement the system plan. 

4.3.4.2 Switching Equipment. The switching frames make up the bulk of 
the equipment in a panel office and represent the most obvious dif- 
ference from the step-by-step system. These frames are double-sided, 
with the two sides essentially the same and generally much as pictured 
in Fig. 6-56. The five identical sections in the center are the panel banks 
that contain the contact points, roughly 90,000 in a frame. Below these 
banks is the machinery for vertically moving the selector rods, shown in 
front of the banks, which provide the means for making electrical con- 
nection to the bank contacts. The motion of these rods is controlled 
by the topmost (commutator) panel working in conjunction with the 
equipment to the right and left of the switch banks under direction of 
the sender. 

The construction of a panel bank is illustrated in Fig. 6-57a. It consists 
of flat brass punchings about feet long with an overall width of about 
1 inch. Three of these are shown in (b) of the figure, and a punching is 
shown in detail in (c). Each punching has lugs on both sides which form 
contact points. The central portion of the punching not only provides 
the means for holding the contacts in position but also connects or 
multiples them together, thus avoiding the need for the soldered 
connections and wiring used for this purpose in a step-by-step switch. 
In this particular bank, three types of punching are used, with the con- 
tact lugs slightly shifted in position to provide tip, ring, and sleeve 
contacts in offset vertical columns. The bank is assembled by first piling 
the three types of punching one above another, separated by insulating 
strips. Then, one hundred of these groups of three, also separated by 
insulation, are in turn piled above each other and bolted together to 
form a panel about 15 inches high. This panel provides a multiple 
consisting of tip, ring, and sleeve contacts, for each of 100 lines, which 
appear 60 times (30 on each side of the bank) in a horizontal row. Thus 
the five banks in a frame provide contacts for 500 lines (or trunks) each 
of which is accessible at 60 horizontal positions on the frame. 

Access to these contacts is by means of 30 selectors on each side of the 
bank. Each such selector consists of a hollow metal tube carrying five 
sets of brushes, each set arranged for making contact with the lugs in 
one of the five banks. Similar contact members of the five brushes are 
multipled together. The brushes are normally free from contact with the 
bank terminals but any set can be tripped mechanically so that contact 
can be made. Thus, by tripping an appropriate set of brushes and 
moving the selector rod vertically by a distance no greater than the 
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Fig. 6-56. Overall view of typical panel switching frame (opposite side of frame is 
identical). (Craft, Morehouse, and Charlesworth 1923, Fig. 13) 


height of one bank, any one of the 500 sets of contacts can be connected 
to a selector. 

The selectors are moved up and down by motor-driven cork rollers 
which can be made to engage a flat, slotted strip at the bottom of the 
selector rod by operating a clutch mechanism. When the appropriate 
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Panel bank details: (a) assembled bank; (b) set of punchings; (c) detail of a 


position has been reached, a pawl engages in one of the slots and holds 
the selector in position until the call is completed. Figure 6-58 shows the 
lower bank on a frame with the selectors in different positions. Some 
of the latter show the slotted strip used for moving and holding them in 
position. The pawl and clutch mechanism is directly below the horizontal 
bar across the lower part of the photograph and the roller drive is out of 
view behind this mechanism. 

Contact to the brushes is made by means of commutators, one for 
each selector, at the top of the frame. The commutator, shown on Fig. 
6-59, consists of strips of insulating material in which are imbedded 
strips or segments of brass. Brushes at the top of the selector rod are 
connected to the bank brushes and complete connection to external 
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Fig. 6-58. Typical lower bank on panel switching frame. (Feder and Spencer 1962, p. 132) 



Fig. 6-59. Panel-switch commutator for connecting to and controlling vertical move- 
ment of selecting mechanism, side views. (Craft, Morehouse, and Charlesworth 1923, 
Fig. 11) 
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circuitry through the brass strips, thus avoiding long flexible connec- 
tions. Perhaps a more important function is performed by similar 
brushes which, while the selector is in motion, pass over the small 
segments generating impulses which, when sent back to the sender, 
indicate the position of the selector so that it can be stopped at the 
position necessary for making the desired bank contact. 

Obviously, the control of the many operations involved in operating a 
panel bank is highly complicated. While the sender is the master control, 
much of the routine operation is directed by the relays and sequence 
switches mounted to the right of the panel banks. The sequence switch, 
illustrated in Fig. 6-60, is both a unique device and an important element 
of the control system. It is a rotary switch made up of circular disks 
called cams mounted on a shaft driven by the same motor 114 used to 
move the selector rods, the rotation of each switch being controlled by 
a magnetically operated clutch. The switch is rotated through 18 discrete 
positions and can be stopped on any one for as long as necessary. The 
plates of the cams are cut to provide contact between brushes in the 
sequence required to carry out the functions necessary to control the 
panel switch during all the operations involved in setting up, carrying 
out, and terminating a telephone call. In modem terms, it is the per- 

114 Obviously, operation of the drive shafts for the selectors and sequence switches must 
be highly reliable. This is achieved by using two drive-shaft assemblies, each of which 
operates half of the mechanism in a frame. In addition, each drive shaft has two motors, one 
driven by commercial 60-Hz power for normal service and a second driven by the office 
storage batteries during failure of the commercial power. 
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manent memory containing the program for controlling the routine 
operations of the panel switch. 

The mechanisms just described, namely the panel banks, com- 
mutators, and sequence switches, formed the basis for all major selector 
switches in the panel office. 115 The different types of frames were much 
alike in appearance but obviously differed in control circuitry and minor 
mechanical arrangements. The major difference was in the line finder, 
which originally used 15 banks with 20 contact levels, giving a total 
capacity of 300 lines. (Later the capacity was increased to 400 lines by 
using ten banks of 40 levels each.) The bank connections also were split 
in the center horizontally, with the wiring order reversed in the two 
halves, so that the lines appearing at the bottom of the left side also were 
at the top of the right side. Both the reversal in wiring and the 
smaller bank were used in the line finder to reduce the amount of travel 
(and time) required to connect with lines. With the arrangement adopted, 
the maximum travel required, in most cases, was 20 levels and most 
connections were made with much less travel. 

The other differences among the various kinds of selectors are of 
importance to the efficient functioning of the system but are mostly of 
interest only to the student of machine switching. A possible exception 
is in the district and incoming selectors which in addition to performing 
their switching function also supply battery current for the customer's 
transmitter and, in the case of the incoming selector, current for signal- 
ing over the trunk. Battery-supply arrangements were, until the late 
1930s, very much like those used in manual offices, employing a repeat- 
ing-coil supply with 24 volts on exchange calls and 48 volts on toll calls. 

43.43 The Sender. While the complex switching equipment forms the 
largest and most obvious part of a panel office, the most significant 
part, as noted previously, is the common-control equipment, or sender. 
The sender is not of particular interest from the apparatus standpoint 
since it mostly used relays, sequence switches, and selectors already 
described 116 but it is notable for the many and complex functions which 
it carried out. Some of these are mentioned below and, of course, the 
sender controlled many additional operations too numerous to mention 
but necessary for the systematic switch operations required for establish- 
ing a call. The sender was required to: 

115 The device which connected the sender to the switching circuitry while the call was 
being established was an exception. It required very few switchpoints and consisted of a 
simple rotary switch. 

116 Early types of senders used a pulse-generating machine not required elsewhere in the 
system. It consisted of a number of rotary commutators continuously generating various 
pulse sequences of the type required for controlling the translation to office codes. The 
sender selected the pulse train needed at each stage of the operation. A single pulse 
machine could supply as many senders as required in a panel office. 
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(0 Accept the decimal signals from the subscriber, store them, 
and translate them to the non-decimal basis required for the 
particular path the call was to follow. 

(i ii ) Control the selecting mechanism in the required time, independ- 
ent of the rate at which information was received from the dial. 

(ill) Provide flexibility in relating office designations to trunk-group 
locations on the frame, thus not only providing for efficient use of 
equipment but means for trunk rearrangement and growth. 

(iv) Identify the type of terminating office (manual or dial) and type of 
trunk (direct or tandem) and arrange for sending out the appro- 
priate type of signal. 

(p) On calls from coin-box lines, control the call as required to assure 
coin deposit or transfer of the call to an operator. 

( vi ) Identify calls and establish proper connection where operator 
assistance was required. 

Details of the means by which these functions were carried out are 
beyond the scope of this history but some further discussion of the 
special requirements resulting from integration into the manual tele- 
phone system will be given later. 

We should note one change in sender design which occurred during 
the first decade of the panel system. Originally, a translator connected 
to a common pulse generator was part of the sender during the entire 
time required to receive pulses from the customer (or operator) and 
complete the connection to the point of starting the ringing or busy 
signals. During the latter half of the twenties, some of the translating 
functions of the senders were incorporated in a separate piece of equip- 
ment known as a decoder. This device performed the translation after 
the first three digits received from the dial (the office code), or after the 
zero dialed to call an operator. Like the translator it provided the coded 
information needed to designate the office connection in the switching 
equipment. Since this operation could be performed very rapidly during 
the early part of the call it was unnecessary to have this complex decoder 
device connected during the full time required to establish a call and 
consequently a few decoders could serve the larger number of senders 
required in an office. Relays (including some with as many as 50 contacts) 
were used for connecting decoders to the senders. The decoder arrange- 
ment eliminated the need for the pulse machine and also effected econo- 
mies in both space and cost. 

43.4.4 Signaling. Exchange plant, common-battery systems prior to 
panel mostly used a simple open-and-closed type of direct-current 
signaling over the metallic pair. In the step-by-step system a similar 
arrangement, using pulses of current from the customer's dial (and 
repeated over trunks where necessary), was used to direct the switching 
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mechanism. In the panel system, as we have noted, the dial pulses were 
recorded in a sender and then were translated into a non-decimal form 
suitable for use with the new signaling arrangements that were intro- 
duced to better fit the panel equipment. Two types were employed; 
the most extensively used was known as revertive pulsing, but a second 
type known as PCI (Panel Call Indicator) was used on calls from a panel 
to a manual office. 

Revertive pulsing was in a sense the reverse of the direct-control 
pulsing of step-by-step and was brought about by the use of power- 
driven, large-access switches. It was impractical to design a power drive 
for a high-access switch which would accurately follow a string of con- 
trol pulses, without placing excessively severe requirements on syn- 
chronization between the pulsing and drive mechanisms . 117 Instead, the 
drive was set in motion by a signal from the sender and pulses were 
then sent back to the sender by the selector as it rose vertically and 
moved a brush over commutator segments at the top of the frame. These 
pulses were counted by the sender and when the selector arrived at the 
desired level a signal from the sender disengaged the drive and set the 
locking pawl to hold the selector in place. Thus, this pulsing in the 
backward direction achieved precise location of the selector without 
placing undue restrictions on the drive mechanism. It should be appre- 
ciated that this is a highly simplified description of the revertive pulsing 
system and obviously its implementation involved complex considera- 
tion of the character and timing of the pulses in order to meet the require- 
ments of transmission over metallic trunks (and later over carrier tele- 
phone systems). 

As noted previously, calls from a machine office to a manual office 
required the transmission of information over a trunk to the manual 
office where it could be used to provide a visual display of the called 
number at the manual B board. In the early trials of this display system, 
revertive signaling was used for controlling displays, but a considerable 
amount of information was required for this purpose and in order to 
accomplish signaling accurately and rapidly a coded signal was later 
devised. The code, transmitted by a sequence switch in the sender, is 
essentially a binary system employing four bits per decimal digit. Four 
signaling states are used for designating digits: current off, light positive 
current, and light and heavy negative current. Combinations of these 
pulses indicate the digits to be displayed (and the party letter if required) 
by actuating a rather simple relay arrangement at the manual office. 
A fifth state using a pulse of heavy positive current is transmitted to 


117 The problem of obtaining equal drive speed for the various pieces of equipment was 
not too difficult but in addition the clutches would have to be free from slipping and the 
time for their engagement and release would have to be closely controlled. 
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indicate the end of digit transmittal. Later, this coded signaling system, 
or PCI, also was used for other signaling applications. 

43.4.5 Maintenance. The maintenance of a manual office was a relatively 
simple matter. An operator was connected to the circuit used by the 
customer, while the call was being established. She could easily detect 
many central- office troubles or incipient troubles and report them to the 
repair service and, if a malfunction was encountered, she could substi- 
tute an alternate circuit so that the customer's service was not seriously 
affected. The test-desk man worked with the craftsman in correcting 
troubles within the office and also were concerned with locating outside 
plant troubles. This work could be done with relatively simple direct- 
current equipment such as a high-impedance voltmeter or possibly a 
Wheatstone bridge. 

It was obvious that the highly complicated machine office required a 
completely different approach. An operator was no longer available for 
detecting problems on calls and other means would have to be used to 
detect troubles, or preferably incipient troubles, before they became 
serious. In addition, the complicated circuitry and many components 
provided a much greater potential for trouble than the simpler manual 
office. The solution for this problem was based largely on the use of pre- 
ventive measures and several approaches were followed. 

As a preliminary step in carrying out this philosophy, all new pieces 
o£ apparatus designed for the machine system were rigorously tested 
during development to assure long life and operation over a wide range 
of conditions. 

Office test gear included the test-board equipment used for maintain- 
ing the outside plant; in addition, means were provided for timing the 
dial pulses from the subscriber's station to detect a faulty dial and assist 
a repairman in adjusting it where necessary. 

Furthermore, a large amount of special test gear was developed to 
provide arrangements for automatically subjecting the various office 
circuits to routine tests designed to assure that each was capable of 
operating under more severe conditions than those to be met in practice. 
In cases where gradual deterioration occurred, the severe testing condi- 
tions would detect incipient failure long before service was affected. A 
test frame for controlling this routine procedure is shown in Fig. 6-61. 
When a circuit failed to meet test requirements, an alarm was sounded 
and the circuit in trouble was indicated by an array of lamps on the test 
frame. The craftsman in charge could then correct the trouble or if 
necessary remove the circuit from service until repair had been made. 
Portable test gear, shown in Fig. 6-62, was provided for on-the-spot 
observing and checking of frames during operation. 

The sender, being both the most critical element in the office and the 
most complicated, received special attention. In addition to an automatic 
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Fig. 6-61. Incoming-selector routine test frame and floor alarm board. 


test circuit, a sender monitor was provided to time critical operations 
involved in establishing a call. If unreasonable sender holding times 
occurred, an alarm sounded and the monitor operator made connection 
to the talking circuit in order to determine the cause. If the fault was due 
to the subscriber (through dialing too few digits or similar irregularity) 
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Fig. 6-63. The sender monitor. 
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appropriate instruction was provided. If the monitor operator found a 
sender with a trouble condition, she released it from the line and 
removed it from service until repaired. Some common subscriber 
troubles, such as receiver off-hook without dialing, caused a special 
signal after a reasonable time and the sender was automatically removed 
from the line and made available for other calls. The sender-monitor 
positions that controlled these operations are shown in Fig. 6-63. 


4.3.5 Integration Into Existing Plant 

We have already pointed out many of the difficulties involved in 
developing a machine switching system that would supply all the 
required services and work smoothly with a large and sophisticated 
manual system that had evolved over a period of some 40 years. In this 
section we shall merely review briefly some of the solutions developed 
for integrating machine and manual systems with minimum effect on the 
people using them. 

The reader should bear in mind that, during the initial years , the broad 
Bell System plan for adopting machine switching involved gradual 
introduction by using it primarily for growth and for manual-office 
replacement made necessary by obsolescence. In all cases it was to be 
introduced in units capable of expansion to full-size offices handling 
10,000 lines, although not necessarily equipped for the ultimate capacity 
from the beginning. In large cities and metropolitan areas with rapid 
growth, panel- type switching was employed to add a series of offices, 
each working at close to full capacity from its cut-over. Often a number 
of these offices would, in the long run, be located in a single building. For 
the smaller cities, machine switching also was installed as distinct office 
units which either replaced obsolete manual offices or provided new 
office growth. Here, step-by-step was the more commonly used system 
(except in the fringe of metropolitan areas) since it was more economical 
than panel in small offices, particularly where the growth rate was 
slow. 118 By following this general plan of addition or conversion by 


118 There were a few exceptions to this general plan of using panel for large cities and 
step-by-step in small, the most notable being Los Angeles. This area had a very complex 
growth involving many companies. For many years the city had dual services but by 1916 
the fallacy of this form of competition had been demonstrated and the public decided (by 
popular vote) in favor of consolidation . The consolidated company, the Southern California 
Telephone Company, a subsidiary of the Pacific Telephone and Telegraph Company, 
began operation of unified plant on January 1,1918. Included were some 35,000 dial stations 
served by step-by-step offices, one of the largest installations in the country at that time. Be- 
cause of this large number in the city, and also the use of step-by-step systems in the many 
independent companies outside the dty limits, it was decided to use step-by-step for further 
expansion of automatic plant in Los Angeles. The many problems of developing a large 
metropolitan area without common control will not be described here but furnish an ex- 
cellent example of the wisdom of the engineers who, working in the early part of the twenti- 
eth century, decided that direct control was an unacceptable basis for a large machine 
system. 
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distinct office units, the cost was minimized since little replacement of 
modem equipment was required and the problems of training employees 
and subscribers involved in a changeover were minimized. 

4.3.5.1 Supplementary Manual Services. A number of services furnished 
in manual offices could not be provided on a full machine basis and it was 
decided at an early date that a large number of operators would have to 
be retained to supplement the automatic equipment. The basic pro- 
cedure for providing many services, such as directory assistance, 
remained largely unchanged by machine switching. The subscriber was 
given access to the operator providing the service by dialing a special 
code (usually consisting of three digits) instead of making an oral request 
but otherwise there were no changes. Similarly, long-distance tele- 
phone calls which required special routing information, timing, and 
charging (see Section 5.2) were handled by an operator also reached by 
special dialing codes. 

From the subscriber's standpoint the most important operator contact 
was with the "special service operator." This operator was also known 
as the "zero operator" since this was the code dialed by the subscriber 
in reaching her. An important part of this operator's duties was to handle 
emergency calls and to assist the subscriber whenever dialing did not 
or could not provide the desired result. She occupied what was essen- 
tially an A operator's position with the additional equipment necessary 
to carry out her many duties. Some of these were: 

Subscriber Assistance 

Dialing zero connected the subscriber to a jack, with lamp signal, in 
front of the operator who answered with a plug-in cord. She either 
gave proper instructions to the subscriber or completed the call as 
required. The assistance function was of particular value in providing 
fast service in case of fire or medical emergency since this was one 
of the calls previously handled directly by the operator. Her assistance 
was also valuable to subscribers who through physical handicaps 
were unable to dial complete seven-digit calls. During the period after 
a machine cut-over the zero operator served a valuable educational 
function by instructing those who had difficulty in mastering the dial- 
ing operation. 

Unused Office Codes and Out-of-Service Numbers 

If a subscriber, through an error, dialed a code not assigned to a 
working office, a special tone was returned as an indication and the 
zero operator was not involved unless the subscriber had continued 
trouble of this type. However, lines in the office not in use (either 
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because they were unassigned or temporarily out of service) were 
connected to a series of jacks which could be answered by the opera- 
tor, who then gave the correct information for redialing or completed 
the call as appropriate. 

Toll Calls 

Long-haul toll calls were handled through the toll board operator as 
described in Section 5.2.2 and she was ordinarily reached by dialing a 
special code. Short-haul (A-B) toll calls were, however, handled by 
the zero operator. Ordinarily, she was reached by dialing zero but if 
the subscriber was unaware that he was making a toll call and dialed 
the listed number, the mechanism directed the call to the assistance 
operator. In either case, this operator established the call, did the 
timing, and carried out all the duties of an A-B toll operator. 

A typical position for an assistance operator (or panel A board) is 
shown in Fig. 6-64. This board includes a multiple for checking the 
originating number given by the caller on a toll call, and also a keyset for 
rapid dialing. Special numbers for emergencies and routing instructions 
were displayed on cards carried in the bulletin holder on the keyshelf 
and sometimes on special racks above the checking multiple. A rotary 
dial was used in place of the keyset when only a small percentage of the 
calls answered were completed in the local area. Such a board is shown 
in Fig. 6-65. 

43.5.2 Machine-Manual Interconnection. The basic objective underlying 
the means for handling calls between machine and manual offices was 
that the subscriber would not have to know the type of office he was 
calling and could follow the same procedure for making a call regardless 
of office destination. In addition, operators, so far as practical, carried 
out their procedures in the same manner regardless of the type of office 
that the subscriber called. 

Calls from machine to manual offices were handled by equipping the 
latter with special B positions which differed from the usual B board in 
having a "call indicator" which visually displayed the number being 
called. These devices received field trials as early as 1910 (in Cortlandt 
office. New York City) and underwent several evolutionary stages. A 
typical call indicator used with panel systems is shown in Fig. 6-66. 
Some manual offices were capable of handling 10,500 lines and four party 
letters. Provision was made therefore for displaying a fifth digit (0 or 1) 
and the party letter but on most calls only four digits were required. 
Otherwise, operation of the B board was much the same as on a manual 
call using straightforward trunking. The machine equipment connected 
the call to an idle plug-ended trunk and the B operator was notified by 






Fig. 6-64. Semimechanical A switchboard, combination position. 
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Fig. 6-65. Dialing A board. 
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lighting the associated lamp. She then pressed a key to actuate the dis- 
play and completed the call by inserting the plug in the proper jack of the 
multiple after making a busy test. The plug would, of course, be inserted 
in a busy-back jack if the line was busy. The equipment used is dia- 
gramed in Fig. 6-67. All of the mechanical functions were under control 
of the sender including the trunk signaling and call indicator operation. 
Signaling in panel areas employed the PCI code system mentioned 
previously, except during the early trial period. 119 

Calls from manual to machine offices could have been handled in 
either of two ways. Under some conditions (particularly after the 
manual offices were in the minority) it would have been economical to 
equip the manual A board with a dial and have this operator make the 
conversion between spoken and electrical representation of digits. 
However, this would have required a procedure on the part of the A 
operator which depended on the call destination and it was decided to 
avoid this complication by making the conversion at the machine of- 
fice. 120 This was done by the equipment shown in Fig. 6-68 and involved 
establishing a B board at the machine office with an operator communi- 
cating vocally with the manual A-operator in the same manner as during 
a call between manual offices, call-circuit signaling being used initially 
and straightforward trunking later as that scheme was introduced. The 
machine B-operator, instead of completing the call by means of cords 
plugged into the multiple, established connection by means of keys for 
assigning trunks and a keyset for "dialing" the number. The machine 
operations carrying out the connection were under control of the office 
sender and completed through the machine equipment. The so-called 
"cordless B-boards" initially used are shown in Fig. 6-69. 

In the latter part of the twenties, a "call distributing B-board" was 
introduced in panel offices along with straightforward trunking. With 
this board, incoming calls were distributed and connected automatically 
to operators in rotation. If all operators were busy, the call was held 
momentarily until one was free. Connection to an idle operator sent 
a signal to pass the number orally. The B operator then punched the 
number on a keyset, the connection was set up automatically, and the 
operator was released to handle another call. This resulted in much 
faster handling of calls and the simplified B-board shown in Fig. 6-70. 

4.3.53 Tandem Systems. Tandem switching had been introduced in the 
metropolitan areas as a means for providing more economical trunk 


119 Step-by-step call indicators used the slower dial-pulsing. 

120 For reasons of economy, some non-Bell administrations, particularly outside the U.S., 
used A-board dialing. This was not customary in the Bell System even when the manual 
offices were a minority since at this time means had been devised for achieving economical 
interconnection by simplified, centralized conversion between voice and machine signals. 



Fig. 6-66. Call indicator at an incoming-trunk position in a manual office. (Craft, 
Morehouse, and Charlesworth 1923, Fig. 23) 
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Fig. 6-67. Diagram of a connection from a machine to a manual office. (Redrawn from 
Craft, Morehouse, and Charlesworth 1923, Figs. 18 and 21) 
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Fig. 6-68. Diagram of a connection from a manual to a machine office. (Redrawn from 
Craft, Morehouse, and Charlesworth 1923, Fig. 24) 







Fig. 6-69. Cordless B-positions in machine switching office. (Craft, Morehouse, and 
Charlesworth 1923, Fig. 25) 


plant before machine systems were introduced. Obviously, machine 
systems had to be devised to take advantage of this important trunking 
principle. Up to about 1930, there were several kinds of tandem offices 
using panel switching which functioned roughly as follows: 

Semimechanical Metropolitan Tandem 

As indicated previously (Section 4.3.3), this system, put into service 
in 1920, was the first commercial application of the panel system and 
accordingly it was designed primarily to interconnect local manual 



Fig. 6-70. Call distributing B-board. 
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offices but also had the capability of working with machine offices when 
they were introduced. When all local offices were of the manual type, 
the tandem operator received the called number from the A operator 
orally over a call circuit. She entered the equivalent of the office code and 
subscriber's number on a keyset which operated machine equipment 
(district and office frames under control of the tandem office sender) to 
extend the call from the incoming tandem trunk to the appropriate office 
where the number was displayed at a call indicator B-board. At this 
point, the operator completed the call through the manual office multiple. 

Obviously, rather simple changes adapted this type of office for use 
with panel-type local offices. When a machine office originated a call, 
seven-digit signals from the originating office were passed on to a 
different tandem sender where they were re-registered and connections 
were made, under control of the tandem sender, to the called number in 
the usual way. If the terminating office was manual, the scheme 
described above (using call indicators) was used. If the call number 
was in a machine office, completion was on a mechanical basis through 
incoming and final frames. 

Office Sender Tandem (2-Wire-Office Tandem Centers) 

As machine offices were introduced, it became possible to use a 
simplified tandem office under some circumstances when the call origi- 
nated in a panel office. Basically, this consisted of installing office frames 
in a tandem office which were connected by 2-wire trunks to the 
originating office. Calls for such a tandem office were registered and 
translated in the sender of the originating office which directed the 
connection through the local district frame where the trunk to the 
tandem office was selected. Signals from this trunk, of the revertive type 
(see Section 4. 3. 4. 4), directed the call through the tandem office-frame 
and selected a trunk to the terminating office where it was completed in 
the usual way, i.e., either by panel-office machine methods or through 
the multiple, under direction of a call indicator, if the office was manual. 

This scheme had certain limitations since the office sender could 
control only one stage of switching at the tandem office and the size of 
the system was severely limited. 

Panel Sender Tandem 

This system was adopted in early 1930 to eliminate the limitations of 
the office sender tandem. It was, in a sense, a refinement of the metro- 
politan tandem described previously. It was a self-contained switching 
system complete with senders capable of recording and translating 
seven-digit numbers. It could receive either oral signals from a manual 
office (recording them through a keyset) or the called office code and 
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number from a machine system in the form of PCI signals (described 
in Section 4. 3. 4. 4). All control beyond the tandem office was exercised 
by the tandem sender and it could, if desirable, direct the call to a second 
tandem office as well as completing directly through a local office in any 
of the standard methods. 

It is interesting to note that the tandem office used, to a considerable 
extent, equipment such as office selectors which otherwise would have 
been installed at local offices. Since tandem offices were concentrating 
points where equipment received high usage, a degree of economy was 
achieved by this concentration and furthered the use of the tandem 
principle. This was particularly true in the case of office sender tandems. 
These required no tandem senders and used office frames and the trunks 
associated therewith which otherwise would have been required, in 
greater number, at the widely dispersed local offices feeding into the 
tandem center. The economy so achieved made them highly desirable in 
spite of the reduced flexibility as compared to panel sender tandem. 

4.4 Developments Abroad 

While this history is largely concerned with the evolution of communi- 
cation technology in the Bell System, completeness requires the recog- 
nition of interaction with technological growth outside the Bell System. 
During the 1910-25 period there was much interest in automation of 
telephony in a number of European countries and the influence of 
American technology was strong. The Automatic Electric Company 
actively marketed step-by-step systems abroad and they were well 
received since they met the needs of European administrations with 
low telephone development. As noted previously. Western Electric, 
which at this time was very active abroad, felt the need for an automatic 
system for sale in Europe and about 1911 introduced the rotary system 
which, up to that time, had been developed by the Bell System in parallel 
with the panel system and differed basically from the latter in using 
selecting switches employing rotary rather than linear motion. The 
rotary system, like panel, differed basically from step-by-step in that it 
used power-driven sequence and selecting switches controlled by 
revertive pulsing and also employed registration and translation. The 
rotary system, which had been developed by a group led by F. R. 
McBerty, used somewhat smaller access switches than panel and, while 
they were judged to be less favorable for Bell System use, they were 
fully adequate for European service and in 1911 had received more test- 
ing than panel switches. Accordingly, McBerty was sent to Europe to 
establish manufacturing facilities and carry on further development 
work there. 

The first rotary exchange in Europe was a small (800 lines) fully auto- 
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matic exchange in Darlington, England, put in service during October 
1914. The larger Dudley central office was opened in Birmingham in 
September 1915. In the meantime semiautomatic installations were 
made (1915) in Sweden and France. Prior to World War I, the Western 
Electric works at North Woolwich, England, manufactured these sys- 
tems, but after the war the rehabilitated works at Antwerp, Belgium, 
became the main center for development and production of automatic 
systems with Woolwich concentrating on manual apparatus and cable. 
Rotary systems manufactured in Antwerp were installed throughout the 
world, and amounted to about nine million lines in 1973. 

Although early rotary systems were installed in England, there was 
little subsequent use there. The story is interesting. After World War I, 
the British Post Office 121 was greatly concerned with automation since 
they had many outmoded manual offices needing replacement. They 
believed that automation was the way of the future and were reluctant 
to defer it by using long-life manual replacements. At the same time 
they, like the Bell System, were much concerned with the “Big City 
Problem." Although many ideas were advanced, none satisfactorily met 
the needs of London, which required great flexibility, since physical- 
plant limitations seemed to dictate the use of a large number of central 
offices of various sizes ranging from a few thousand to many thousands 
of lines. In 1919, Mr. McQuarrie of the Western Electric Company visited 
Colonel Purves, then the Engineer-in-Chief of the Post Office, and 
outlined in great detail the manner in which the Bell System planned to 
meet a similar problem through the use of the panel system, incorporat- 
ing common control, together with Blauvelt's numbering plan. Purves 
saw at once that this approach would solve all of London's problems 
and preliminary arrangements were made for its adoption. However, 
Western's proposal to manufacture the equipment in Antwerp had 
political repercussions that could not be ignored. When the Automatic 
Telephone Manufacturing Company offered to manufacture a system in 
Britain that would meet the Post Office's needs, their proposal was 
examined carefully and adopted in 1922, but it was not until 1927 that the 
first London installation took place. The proposal adopted by the Post 
Office was that the Automatic Telephone Manufacturing Company 
would develop a “director," incorporating the registration and transla- 
tion principles developed by Bell, which could be used with Strowger 
switches and the Blauvelt numbering system. The lack of large-access 
switches was to be overcome as far as practical by the use of the graded 

121 The telephone and telegraph branches of the Post Office were basically operating and 
engineering organizations with essentially all the development and manufacturing being 
carried out by private industry. The technical staff, headed by the Engineer-in-Chief, 
consisted largely of civil servants but overall administration of the Post Office was in the 
hands of political appointees. 
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multiple which Gray of AT&TCo had proposed in 1905. Thus, while the 
panel system was not adopted, as originally proposed, its basic concepts 
were used with step-by-step switches in the solution to the "Big City 
Problem" ultimately adopted in Great Britain. 122 

Another early Bell invention also had an interesting international 
history. As noted previously, J. N. Reynolds invented a crossbar switch 
in 1913 as part of the so-called "coordinate system" which did not go 
beyond the experimental stage at that time. In 1919, Betulander in 
Sweden invented a small crossbar switch which was the predecessor 
of larger switches of that type put into production in early 1920. These 
switches were used for some 20 years in Sweden in a direct-control 
system much like step-by-step. In 1930, when the Bell System was con- 
sidering the design of a second-generation common-control system, 
W. H. Mathies of Bell Telephone Laboratories visited Sweden and 
was impressed with the potentialities of the crossbar switches he saw 
there. Samples were ordered, and after improvement and adaptation 
for common control, this switch was used as the selector mechanism for 
the No. 1 crossbar system that became the large-city successor to panel. 

4.5 Summary 

4.5. 1 Fifty Years of Development 

It may come as a surprise to some of our readers that work on mechani- 
cal switching started, and was pursued diligently, shortly after the 
invention of the telephone. This may seem particularly unusual because 
manual switching appears to be a relatively simple process and also 
offers opportunities for personal services not possible with a machine. 
It is always hazardous to offer explanations for historical events but 
perhaps we will not be far wrong if two factors of possible significance 
are suggested. 

A major factor was probably the status of technology. The great inven- 
tions which led to the Industrial Revolution occurred roughly in the 
century preceding the telephone and, when the invention of the latter 

122 The account is given in considerable detail in the book. The Story of the Telephone 
(1947), by J. H. Robertson. Robertson was a professional journalist engaged by the 
Telecommunication Engineering and Manufacturing Association to prepare this excellent 
history of the telecommunications industry of Britain. There is no doubt that the Post Office 
technical staff believed that the "director" system provided the best available solution to 
the problems existing in Britain where the telephone development was much smaller than 
in the U.S. and was based on the use of smaller central offices. These considerations 
changed the emphasis on economic factors and also placed a premium on the use of a 
system employing the same type of switches throughout the country. However, the 
admiration of Purves for the panel system concepts is evidenced by his July 1925 I.E.E. 
paper in which he says: "The panel system in its entirety includes a multitude of electrical 
circuits of great complexity. It is the product of many wonderful brains and its rapid 
development and installation are the outcome of probably the greatest engineering effort so 
far made in any field of industrial endeavor." 
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occurred, the weaving of cloth, the refining of iron, the generation of 
mechanical energy, and the transportation of people and goods had all 
been transformed by the invention of fundamental mechanical devices. 
The revolution of industry was in full swing and there was boundless 
confidence in the power of machines . It was an article of faith that mecha- 
nization, which had brought such miracles in the past, would continue 
to do so in new fields in the future. To a considerable extent it must 
have been some such faith that drove people in the pursuit of switching 
mechanization even when it was difficult to justify on the basis of 
economies and services. 

Another factor was that manual switching in the early days of telephony 
was not the simple operation that it appears in retrospect to those few 
readers who have used it. Early manual switching was a highly compli- 
cated affair involving much work on the part of both the operator and 
user. As technology advanced, manual switching procedures were 
simplified and many eliminated by performing the operations auto- 
matically. Thus, manual switching was slowly automated until only a few 
functions were being performed manually. The technological advances 
that made these changes possible also facilitated the improvement of full 
mechanical systems. For a long time, manual systems were always a few 
steps in advance but the gap was small enough to encourage the mechan- 
ical enthusiasts to press forward. 

After a number of early, abortive attempts at mechanization, two 
main lines of development evolved, one sponsored by the Automatic 
Electric Company and the other by the Bell System. The Automatic 
Electric Company, using the direct-control principle and a modification 
of the Strowger switch, developed what is now known as the step-by- 
step system. In its earlier form this system did not provide many of the 
service features of contemporary manual systems but by 1910, or 
shortly before, the services provided by manual systems in the exchange 
plant were largely duplicated by the step-by-step system. One exception 
was that machine systems placed the extra burden of dialing on the 
customer. To the surprise of many, this burden was accepted willingly 
by the public 123 and after about 1910 the choice between manual and 
step-by-step systems in the smaller cities was largely a matter of rela- 
tive cost, i . e . , balancing the saving in operator salaries against the added 
cost of machine switching equipment. An exception was that the step- 

12 3 Even today the widespread acceptance of dialing seems somewhat surprising. Rather 
careful tests made about 1960 showed that most people would choose a system in which the 
number was passed orally in preference to one requiring dialing. Obviously, the very 
fortunate acceptance of dialing (which is basic to the modem telephone) is a very 
complicated matter. Some people undoubtedly were influenced by the feeling that there 
was greater privacy in a machine system and others felt that it was more rapid and more free 
from errors. Still others were influenced by the novelty and were anxious to adopt dialing 
because it represented the "modem" approach. Perhaps we might summarize the situation 
by saying that the general public too was imbued with the faith in machinery and the belief 
in the fallibility of man that spurred much of the Industrial Revolution. 
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by-step systems at this time were not very suitable for meeting the 
requirements of large metropolitan areas. Thus it turned out that tech- 
nically the most favorable field for the step-by-step system was exchange 
switching in the small city with at most a few office units (each handling 
10,000 or fewer lines). Economically, step-by-step could best compete 
with manual in those areas where the addition or replacement of com- 
plete office units was required by growth or obsolesence of manual 
equipment. 

In the years before World War I, there were not many Bell System 
areas in which step-by-step was the system of choice. Small cities were 
mostly equipped with relatively modem, common-battery, manual 
systems and growth could be handled more economically by adding 
manual positions than by intermixing automatic with the existing 
manual. Large metropolitan areas were another matter. Growth here 
would be rapid and require the frequent addition of full office units. 
Furthermore, a shortage of suitable operators could be foreseen in these 
locations. Accordingly, after some early and unsuccessful attempts to 
employ machine switching in very small towns, the Bell System con- 
centrated development effort on automation toward the solution of 
large city and metropolitan area problems. 

The step-by-step system with its small access switch was inefficient 
for large areas and the Bell System developed two large access switches, 
the rotary and the panel types. Bell also devised means for controlling 
these switches based on signal registration and translation in common- 
control equipment. These concepts led to a system, both efficient and 
highly flexible, which solved the unusual problems associated with 
service in big cities. 

At first, the problems of interconnection with manual offices, and the 
belief that the required seven-digit dialing would be unacceptable to 
users, suggested the use of a semimechanical system in which the A 
operator, instead of the customer, did the dialing. However, these 
problems were solved and plans were approved in November 1918 for 
designing a metropolitan area machine office for customer dialing. 
World War I deferred realization of these plans and the first common- 
control office using the large access, panel-type switch was not put into 
service until 1921. As soon as adequate production facilities could be 
built up, this "panel system" provided most of the growth and replace- 
ment offices in large cities and metropolitan areas under Bell operation 
until the introduction of crossbar systems in the mid-thirties. Panel 
equipment was manufactured for additions for some time after, and at 
its peak use in 1956 there were about seven-million Bell System sta- 
tions served by panel systems. 124 

124 In terms of usage, relative to other types of switching, the peak development was 
achieved in 1940 when 28 percent of the Bell System telephones, or about five million, used 
panel. 
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Although panel was the preferred system in large cities, it was not as 
economical as step-by-step in small cities, particularly those with low 
growth. For these. Bell adopted the step-by-step system, the first use 
being in cities where the plant was acquired by purchase of independ- 
ent properties. However, in 1917, step-by-step equipment was pur- 
chased for installation in Norfolk, Virginia, and subsequently this type 
of system became widely used in the smaller Bell cities. All of this equip- 
ment was manufactured by the Automatic Electric Company under Bell 
specifications until 1926 at which time Western Electric began manu- 
facture also; but Automatic Electric continued as a major supplier until 
about 1936. 

The step-by-step system served small cities economically for many 
years until new developments after World War II provided an economic 
competitor in the form of the Number 5 crossbar system. This system, 
using the new crossbar technology introduced in 1937 and an advanced 
type of common control, was able to avoid the rigidity inherent in step- 
by-step and to provide many new service features. However, there is 
still a large amount of step-by-step equipment in the Bell plant and at its 
peak in 1972 there were about 42 million telephones being served. 125 

Equipment designs of both the step-by-step and the panel systems 
were highly ingenious mechanically. The step-by-step switch bank was 
relatively simple in design using inexpensive parts manufactured by 
means of punch presses. Since the same basic switch bank served many 
functions, the economy of large-scale production was achieved. How- 
ever, the actuating mechanism of the switch (with associated relay 
controls) was relatively expensive and, since it reached only 100 contacts, 
the cost was fairly high per contact. The panel bank had many of the 
manufacturing advantages of step-by-step. It, too, used punch-press 
parts of only a few basic designs which could be manufactured inex- 
pensively in large numbers. In addition, its design eliminated much 
expensive wiring required at the time in step-by-step systems to connect 
contacts in multiple. Since each selector arm could reach 500 contacts, 
the cost per contact was modest even with a drive mechanism of some 
complexity. 

Both types of equipment had an inherent electrical fault in that their 
switch contacts used base metals such as brass and bronze. These 
tended to develop high contact resistance under some atmospheric 
conditions and this, in turn, produced a scratchy type of noise requiring 
routine contact cleaning for its control. Since the mid-thirties, all new 
systems developed by Bell have used switch contacts which retain a low 
resistance over the life of the switch. 

125 In terms of relative use, the peak was in 1960, with 30 million telephones, or 49 percent 
of the total. 
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4.5.2 Retrospective Vieiv 

Although this history is concerned primarily with the first 50 years of 
telephony, the work on machine switching during this period can best 
be evaluated when viewed from our position in the seventies. In 1925, 
the impact on the plant was small since less than 1.5 million or about 
12 percent of the Bell system telephones were on a dial basis. But this 
was only a first step toward the evolution of a new and completely dif- 
ferent switching plant that 40 years later had grown to over 75 million 
stations of which all but 0.2 percent were dial. 

Remarkably, the number of operators in 1965 was about 150,000, or 
roughly the same as in 1925, and at no time during the intervening 
years had the number been less than about two-thirds of this amount. 
Thus, by carefully coordinating the introduction of automation with 
plant growth, a complete changeover was accomplished without the 
necessity for large reductions in the operating staff. In most cases the 
normal staff turnover was more than adequate for handling displace- 
ments resulting from mechanization. It has been estimated that without 
automation the amount of telephone business actually handled in 1965 
would have required some seven times as many operators or roughly 
one million. In a sense these are not very meaningful figures since the 
population could not have supported such a work force (and the large 
number of new hires required to maintain it) and the cost would have 
been so great that the economy could not have supported 75 million tele- 
phones. However, the figures do provide some feeling for the size of 
the mechanization task growing out of the pioneering effort prior to 
1925 and the enormous growth in communication that it made possible. 

Another rather remarkable aspect of this great mechanization program 
is the fact that it was accomplished with rather small changes in the 
central- office maintenance staff (relative to the number of telephones). 
In 1920, with a purely manual plant, one maintenance man was required 
for each 1,600 telephones. In the early days, mechanization, as might 
be expected, placed a heavier burden on maintenance personnel. In the 
late thirties, when half the stations were dial, the average number of 
stations handled by a maintenance man dropped to 1,250 but the remark- 
able improvements in systems made after World War II reversed this 
trend and in 1965, with an all-dial plant, the number of stations per 
maintenance man averaged over 1,800, or about 15 percent better than 
the manual plant of 1920. 126 

126 The figures quoted are Bell System averages based on the total central-office craftsmen 
employed by the Operating Telephone Companies and the Long Lines Dept, of AT&TCo. 
The extraordinary improvement in systems reliability that brought about this reduction in 
maintenance effort will be appreciated when it is realized that, by 1965, plant complexity 
had been greatly increased not only by the mechanization of the exchange and toll plants, 
but by the widespread use of sophisticated electronic equipment. 
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As we have implied, most of the credit for the amount of growth and 
service improvement in machine switching since 1925 is the result of the 
remarkable technical advances which took place during this period. 
Much as these advances have contributed, it would be unfair to over- 
look the valuable groundwork laid before 1925. 

The step-by-step system, while presently obsolescent, was for many 
years the most economical machine system for small cities, received wide- 
spread use throughout the country, and in the early seventies still served 
about 40 percent of Bell System telephones. It would be fair to say that 
it was largely responsible for familiarizing the public with automated 
switching. The dial, invented in 1896 to control step-by-step switches, 
was one of the fundamental pieces of machine switching equipment. 
Its basic principles are still being used in most station sets today in 
spite of the rapid growth of pushbuttons, introduced in 1961 under the 
name of Touch-Tone® dialing. 

The panel system too has had a long service life, a few offices still 
remaining in use in the early seventies. To this system goes the credit 
for introducing new concepts which met the needs of large metropolitan 
areas. It not only made the first application of common control but 
also introduced the numbering plan that has been used, with some 
supplementary changes, to meet growth far beyond anything antici- 
pated in the 1920s including expansion to worldwide long-distance calls . 
The replacing crossbar systems, introduced in the late thirties, used 
improved switch banks (with rare-metal contacts) but originally retained 
much of the basic panel-system concept. While present-day systems, 
both of the crossbar and electronic type, use much more sophisticated 
controls than employedby panel, it would be fair to say that the concepts 
of registration and translation centralized in a common-control unit, 
first introduced by panel, are still basic to present-day systems. In 
addition, a number of the principles of present systems that contribute 
to their speed, flexibility, and reliability are traceable to the coordinate 
system, using the Reynolds switch, that was developed by the Bell 
System in 1913 but not adopted at that time very largely because of the 
lack of suitable production technology. 

In summary, it is proper to say that by 1925 switching developments 
in the Bell System had provided much of the groundwork for the enor- 
mous expansion of mechanical switching that was to follow in the next 
half-century. The few cases where a progressive direct-control system 
was chosen to serve large cities have emphasized the far-reaching effect 
of many of the inventions incorporated in the panel system and have 
shown the wisdom of the decisions made early in the twentieth century 
to adopt highly novel concepts in the system design. 

This concludes our discussion on the switching systems used in the 
exchange plant. This plant provides the main body of traffic for the tele- 
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phone system since the major interests of most people are limited to 
rather small geographic areas. But the value of such systems is limited 
unless there are means for extending the range of communication far 
beyond local exchanges. Alexander Graham Bell had recognized from 
the start that one of the most valuable characteristics of telephony was 
its potential capability for supplying rapid two-way communication 
over great distances without the need for any special training on the part 
of the user. For this reason the conquest of distance was a major goal 
among transmission engineers and as early as 1885 AT&TCo was in- 
corporated with the major objective of establishing long-distance lines 
for interconnecting exchange areas. The successful outcome required not 
only the extensive transmission developments related in preceding 
chapters but also new switching techniques, which will be covered in 
our next section. 

While the exchange and long-distance systems provide the necessities 
for common-carrier systems, there is another type of switching which 
supplements the regular exchange system by providing conveniences 
not so readily obtained from a large central office. 127 These are the private 
branch exchange, or PBX, systems usually located on the customer's 
premises. These systems are devoted largely to the customer's own 
internal communications needs but also provide connection to the 
central office and thus form an important part of the overall switching 
network. These switching arrangements also will be discussed shortly 
in order to provide an overall picture of the major elements of a complete 
switching system capable of covering unlimited geographical areas 
and meeting the needs of a wide variety of users. 

V. TOLL SWITCHING 

The provision of communication over long distances was part of 
Bell's "Grand System" concept of 1878 and within a few years after 
Bell's prospectus, lines between cities were built in several parts of the 
country. 128 It was apparent from the beginning that the cost of the lines 
increased rapidly with distance and special charges, or "tolls," were 
introduced for calls between cities to supplement the charge (usually 
on a monthly basis) for local or exchange service. These tolls, based on 
distance and time of usage, were, from the customer's standpoint, the 
significant characteristic of long-distance service and the term "toll" was 
used as a designation for the service, for calls, and for the lines involved. 

127 This situation held until the 1960s when some PBX-type service began to be supplied 
by central-office switching. 

128 By 1880, in Massachusetts, Springfield had been connected to Lowell and Boston to 
Holyoke. In the West, lines had been run between Champaign and Urbana, Illinois, and 
several mining communities of California were connected. In a primitive way, 
long-distance communication had begun. 
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We shall continue that usage here even though present-day nomen- 
clature is slightly different. 129 

By 1885, toll service had made a significant step forward when the New 
York-Boston line, using metallic transmission, was placed in service. In 
the same year AT&TCo was incorporated to help bring about a complete 
and integrated service and specifically to provide connecting lines be- 
tween cities. It is interesting to note that the Certificate of Incorporation, 
in describing the lines to be supplied by the Company says, in part, 
that they: 

. . . will connect one or more points in each and every city, town or place 
in the state of New York with one or more points in each and every other 
city, town or place in said state, and in each and every other of the United 
States, and in Canada and Mexico; and each and every other of said cities, 
towns and places is to be connected with each and every other city, town 
or place in said states and countries, and also by cable and other appropriate 
means with the rest of the known world, as may hereafter become necessary 
or desirable in conducting the business of this association. 

Obviously, this was a very long range goal since technical obstacles 
of great difficulty stood in the path, but its existence did much to define 
the route to be followed and guide the technical effort required to solve 
the problems of communication over great distances. 130 At the time, 
even the problem of interconnecting exchange and toll lines had not 
been solved. Long-distance telephony required special, high-efficiency 
terminal equipment which was impractical for local service. Hence it was 
necessary for the user to go to a special telephone when such service 
was desired. 

Although universal toll service was recognized as a formal goal in 
1885, it remained in a preliminary, or exploratory, phase for about ten 
years. By the mid-1890s, transmission, station, and switching develop- 
ment all had advanced to the point where the requirements for a unified 
system were understood and the means for implementing such a system 
over moderate distances were available and coming into rapid use. The 
solid-back telephone transmitter (see Section 2.1.3 of Chapter 3) 
provided a stable and high-efficiency instrument suitable for both toll 
and local usage. The theory of transmission was becoming understood, 

129 “Intertoll trunks" is the accepted name for toll lines; however, it is interesting to note 
that interstate trunks are furnished by the “Long Lines Department" of AT&TCo. 

130 As related in previous chapters, it was 30 years before transcontinental telephony was 
technically possible and another ten years before means were found for spanning the 
oceans. In both of these cases, a new invention, the electron tube, not even dreamed of in 
1885, played a dominant role. The original overseas service was by radio, a technique 
unknown in 1885, and the use of undersea cableforlong distances did not come about until 
the mid-1950s. The present-day microwave and cable systems which provide long-distance 
circuits several orders of magnitude cheaper than the early transcontinental systems owe 
much of their effectiveness to still another far-reaching invention, the transistor, which 
didn't come along until more than 60 years after the formation of AT&TCo. 
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metallic transmission (with low noise and reduced crosstalk) had become 
standard for both local and long-distance lines, and inductive loading 
(by reducing the attenuation of lines by a factor of two or three) not 
only had extended the range of open wire lines but also made practical 
the use of compact, fine-wire cables in congested areas and on heavy 
traffic routes. The common-battery, 2- wire multiple switchboard with 
simplified operating methods also had been introduced into the exchange 
plant about 1895, and by the end of the decade much of the plant had 
been changed or was being changed to incorporate these new devices 
and techniques. By the turn of the century, the Bell System was ready 
to begin universal service and meet the demands for extremely rapid 
growth, a phenomenon which occurred in three dimensions — numbers 
of telephones, calling range, and volume of traffic. It was in this period 
that the development of true long-distance switching systems began. 

5.1 The Special Problems of Toll Switching 

To a considerable extent the toll interconnection problem was similar 
to that in the exchange plant. The same basic mechanism (consisting 
of jacks and indicators mounted in a vertical backboard with a keyshelf 
containing the interconnecting plugs, cords, and supplementary keys 
and signals) was applicable to both. To this extent, toll switching systems 
relied heavily on the development of exchange switchboards. But the 
greater length of toll lines introduced two basic problems which affected 
the development of other aspects of toll switching. First, the transmission 
of switching signals was much more difficult 131 and, second, the line 
cost was many times greater. Thus, toll service required both special 
signaling systems and also special arrangements for minimizing the 
cost to the user. The cost problem ultimately was solved by using carrier 
and other transmission techniques described in Chapters 4 and 5. These 
techniques reduced the cost by several orders of magnitude but for 
many years the only way in which long-distance service could be 
brought into the consumer's price range was by employing traffic and 
pricing methods which provided high usage of toll lines. Such methods 
led to operating schemes differing greatly from those appropriate for 
the exchange plant. 

In the exchange plant the basic concept was of a service furnished on 
demand and as nearly instantaneous as possible. As a result, the lines 
were used very inefficiently; loops, for example, might handle only a 
half-dozen calls a day and trunks perhaps five times as many. During 


131 The voice-transmission problem is covered in previous chapters and was solved by 
loading, amplification, and carrier systems. These techniques did not necessarily improve 
the transmission of switching signals. They often complicated the problem by requiring the 
development of new signaling techniques. 
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the first 50 years of telephony it was unthinkable to provide enough 
lines for this type of service over long distances since, if the needs were 
met for the peak demand period, large numbers of costly facilities would 
be idle for most of the time. It was unavoidable, therefore, that some 
means be found for using the lines during a large part of the day. Two 
schemes were devised. One was to provide delayed service so that the 
calls could be queued up in the order of receipt and completed over 
the lines as they became free. In this way, lines could be kept busy over 
long periods with only short idle intervals between calls. Another 
approach was to extend the hours of usage by charging less for calls 
during the night periods when traffic would otherwise be negligible. 

The cost of toll service was made equitable by charging on the basis 
of distance and duration of call. 132 Thus the high cost of toll lines brought 
about basic differences in the operating methods used for exchange and 
toll service, the latter requiring more complicated procedures in order to 
handle delayed calls, to take care of accurate timing and charging, and 
to handle these operations with the maximum practical satisfaction to 
the user. 

In summary, toll switching systems could use much of the art 
developed for exchange switching but also required additional arrange- 
ments to provide the best balance between operating methods and the 
cost of switching, signaling, and circuits. Economic factors required 
delayed, rather than instantaneous, service on many calls but through- 
out the evolution of toll switching an overriding objective has been to 
minimize the interval between placing and establishing the call to the 
greatest extent consistent with the cost of providing service. 

5.2 Operating Methods 

From an early date it was recognized that different operating methods 
were appropriate for short- and long-haul calls. Short-haul toll service 
(for distances up to about 30 to 50 miles) included the traffic in 
extensive suburban areas around large cities and constituted the great 
majority of toll calls. On these calls, since the traffic was fairly heavy, 
there was little need for delayed service. The trunks were too expensive 
for inclusion in the exchange calling area, with bulk billing, but, being 
short, were relatively inexpensive as compared to the very long haul 
variety. 133 While tolls on such calls were necessary, they were modest 

132 Originally, the charge was on the basis of a 5-minute initial period with overtime 
charges for each additional minute, but in 1896 the 3-minute initial period was introduced 
and remained in use until very recent times when a 1-minute initial period was introduced 
on a limited basis. The 3-minute period provided a reasonably low rate for the economically 
minded but did not inhibit usage to any great extent since toll calls averaged about 6 
minutes in length for many years. 

133 Although the length of these circuits was short, the fact that they traversed city areas 
often called for the use of cable which, being an inherently high-loss facility, often required 
special arrangements to provide adequate transmission and, until the use of loading 
became common, necessitated the use of very heavy conductors. 


Switching and Signaling 


619 


in amount and did not encourage the high use of person-to-person 
calls that were common on the more expensive long-haul circuits. Thus, 
relatively simple operating procedures were possible. 

5.2.1 Short-Haul Methods — A-B Toll Calls 

Most short-haul traffic, except for charging, was handled very much 
like local traffic with respect to switchboard equipment, operating 
methods, and interarea signaling. As in exchange service, a short-haul 
toll call appearing at a local switchboard was answered by the A 
operator and connected by her to a trunk to a distant B-board 
at which point the B operator completed the connection to the proper 
subscriber while the calling party remained on the line. This type of 
service became known as A-B toll and evolved in step with the local 
service, being implemented with similar switching and signaling 
facilities. Charging was done by the A operator, using simplified charge 
tickets 134 on which the starting and completing time was obtained from 
the standard switchboard clock and entered manually on the ticket by the 
operator. A-B toll was used largely for distances under about 30 miles 
and was limited to calls for which the distant number was known to the 
caller. 135 Time and charge information could be furnished the caller but 
most calls involving operating complexities were handled through the 
toll board. Later, non-delayed service was extended to longer distances 
by toll board methods which now will be described. 

5.2.2 Long-Haul Calls — Toll Board Methods 

Long-haul methods differed from short-haul methods for many 
reasons. The high cost of lines required high toll charges and this 
encouraged the use of person-to-person calling with a considerable 
number of callbacks resulting when the desired party was not reached 
on the first attempt. The high cost, together with the long distances 
involved, resulted in low traffic density which could only be handled 
efficiently by the introduction of queuing and delay. All of these factors 
tended to reduce the number of routes justifying direct trunks. 
Consequently, the routing between cities often was complicated by 
the necessity for a number of tandem switches. Finally, since long-haul 
calls were infrequently made, the caller seldom knew the called number 
and obtaining it involved widespread use of information facilities. 

To meet these situations it became customary, early in the history 

134 The toll ticket, which receives so much mention in this section, was a key element in 
the toll telephone process. It was a small slip of paper made out for each call and served as a 
working memorandum containing the information required by the operators involved in 
the call, it provided the time and distance information (i.e., terminal points) from which the 
charges were computed, and it provided a record which could be consulted in case of 
subsequent queries concerning the call. It will be described more completely subsequently. 

135 Information service was available to subscribers for offices in the A-B toll area. 
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of toll service, for the local operator to route long-haul calls to 
operators at separate toll switchboards. 136 Once the toll office was 
reached, operators there took full charge of the call, handling comple- 
tion, supervision, timing, and so forth. Several toll operators often 
were involved in processing the call, sometimes as many as four or five 
being required. Very large cities might have one or two centralized toll 
boards; medium-sized cities would have one board at most and, if they 
were not sizable, the board often consisted of only a few special 
positions at an exchange office. In very small communities, and in offices 
suburban to large cities, toll switchboards were usually located in near- 
by cities known as toll centers and the local operators switched the 
call to these centers. Although the basic methods for completing toll 
calls were essentially the same, there were many modifications in 
particular cases, depending on the type of equipment, size of the office, 
and cost of switching. 

5.2.2.1 Callback Methods. For many years the standard method for 
handling long-haul toll calls required the calling party to give 
information on the call to a toll operator and then hang up while the call 
was being processed. When the desired line (or party) had been reached, 
the originating party was called to the phone by the toll operator 
and the call proceeded. If there was any delay due to a lack of answer, 
party unavailable, and so forth, the originating party was called and 
given an appropriate report. 

The earliest operating method of the callback type was referred to as the 
two-ticket process since tickets were made out by operators at both ends 
of the toll circuit. Under this method of operation, a customer wishing to 
place a toll call asked his local operator to connect him with long 
distance. This connection was made over a toll connecting trunk of the 
"recording" type. Such trunks only could be answered by one of a 
special group of operators trained specifically for recording the 
customer's order. The customer told the recording operator whom he 
wished to reach, where he might be found, and the type of call 
(person-to-person or station -to- station) desired. He then was told that 
the operator would call him back and he hung up his receiver. 

After recording the information supplied by the customer on the 
"outward" ticket form, the ticket was sent to other operators for 
further handling. If the customer had not supplied the number of the 
called telephone, the ticket was sent to a directory operator who looked 
it up in the directory of the called place. Then, since each toll office 
did not have direct circuits to all other toll offices, it often was neces- 

136 The connection to the toll board was made over circuits generically called "toll 
switching trunks." As related later, there were several types of such trunks. 
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sary to determine the route to the called place. In this case, the 
ticket next went to a routing operator who indicated on the ticket the path 
to be followed in reaching the called place. The ticket finally was 
sent to the particular outward-line operator having access to toll lines 
which would reach the desired terminal office . 137 

Once this stage was reached, the outward-line operator was virtually 
in charge of the call but, since local operating procedures were not 
completely standardized, she needed some assistance from the inward 
toll operator at the distant office. The outward operator reached 
the inward operator either over a direct trunk or by proceeding in the 
direction of the called office over trunks which were connected in 
tandem by intermediate operators. Once the inward operator was 
reached, the details of the call were passed to her and recorded 
on an "inward" ticket which she used as a memorandum during the 
time required to obtain connection with the called telephone (or party) 
or to find out where or when the called person might be reached. 
Once the called station or party had been reached, she notified the 
originating operator, who then rang the calling party over a toll 
switching trunk of the "connecting" type. When both the calling and 
called parties answered their telephones, the originating operator 
entered the starting time on the ticket. When the calling party hung up 
his receiver at the end of the call, the originating operator received a 
disconnect signal whereupon she entered the call duration on the ticket 
and took down the connection to the calling party. The distant inward 
operator took down the connection at her end upon the receipt of the 
signal indicating that the called party had hung up his receiver. In some 
cases, the inward operator also provided a duration check by recording 
the starting and completion times on her ticket. 

Once signaling, accounting, and operating procedures were stand- 
ardized throughout the Bell System, it became possible for the outward 
operator to take over all the responsibility for handling the call at the far 
end except for the mechanical process of making physical connections 
to the called telephone. By making this change it was possible to reduce 
the time during which two operators were required on the line and 
also eliminate the inward ticket. Under this single-ticket operating 
method the early stages of call processing were the same as with the 
two-ticket scheme but the line operator, upon receiving the ticket, ob- 
tained a connection to the inward operator and asked for a connection 

137 Obviously, all these operations involved a large amount of physical transportation of 
toll tickets between the various operators involved. In a few very large offices, conveyor 
systems were used. In smaller offices, the tickets were transported by messengers. (In a few 
cases the messengers were furnished with roller skates to speed them on their way.) 
Ultimately, the transportation of tickets was eliminated by using telephone calling for 
obtaining number and routing information and by more sophisticated operating methods 
such as the CLR scheme described later. 
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to the called number. At the start of ringing, the inward operator 
dropped off and the outward operator continued all further negotia- 
tions with the called and calling parties. From the customer's stand- 
point the procedure was virtually unchanged but it did result in some 
reduction in operating time. 138 

As noted, two types of toll switching trunks were used to provide 
connection between toll and exchange offices. A “toll recording trunk" 
was used in making the initial connection when the customer asked 
for long distance and passed his request to the recording operator. Since 
these trunks were not part of the toll connection and were used only to 
pass information as far as the first toll office, they could be inexpensive, 
relatively high-loss trunks. However, when the customer was called 
back, his toll switching trunk was a link in the toll connection and, in 
view of the problems involved in transmission over long distance, it was 
desirable to use a low-loss circuit in order to reduce the burden on toll 
line facilities. Therefore, these “toll connecting trunks" used high-grade 
facilities and, in addition, terminated at the exchange B-board in a special 
toll-grade cord circuit which provided higher battery current to the 
transmitter with consequent improvement in transmission from the 
station. 139 Toll switching trunks with high battery supply were also used 
at the distant end of the toll circuit. From a transmission stand- 
point these were equivalent to toll connecting trunks but were often 
referred to as “completing" trunks. 

5. 2.2.2 Methods Not Requiring Callback. The callback method was ob- 
viously an awkward procedure from the customer's standpoint and was 
justified only because it was a practical way to queue up calls so as to 


138 The single-ticket method appears so simple and obvious it seems surprising, in 
retrospect, that the two-ticket system ever received widespread use. While documentation 
on the subject is not very complete, there seems to have been a number of reasons. The lack 
of standardization, mentioned above, was undoubtedly an important one since the 
outward operator could not be expected to know all of the intricacies of the methods used in 
the distant cities to which she had access. Another reason for the second ticket seems to 
have been to provide a check on timing and charges. Timing differences were not 
uncommon since, with the primitive arrangements used for supervision, a busy operator 
might not always be aware of the precise beginning and end of a call. As a consequence, it 
was customary to reconcile the timing data obtained by the two operators and make 
adjustments in the division of revenue about once a month. Finally, transmission from 
operators' sets often left something to be desired and there was a considerable advantage in 
having negotiation with the distant party carried out by the closest operator since 
person-to-person and reverse-charge calls often involved extensive and complicated 
discussions. 

139 It might seem that it would have been advantageous to use high battery current with 
its improved transmission on all calls. This was not the case partly because of the added cost 
on exchange calls but more particularly because the added transmission efficiency would 
have been unpleasant on non-trunked calls which made up a large part of the traffic. In 
addition, while high battery current could be tolerated occasionally, its use on every call 

could have made the transmitter age more rapidly, leading to noise and unsatisfactory 
performance. 
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provide heavy usage of very expensive toll lines. From the customer's 
standpoint, A-B toll was ideal since he could call by number and stay 
on the line until the call was completed. However, it was limited by 
economic and transmission considerations to short, heavy traffic routes. 
As long-distance traffic increased, it became possible to introduce toll 
board methods on some of the heavy routes (such as New York to 
Philadelphia or Boston) that allowed completion while the customer re- 
mained connected to the office. 

The first approach to non-callback toll board operation was the two- 
number system introduced in large metropolitan areas where separate 
trunk plant and a separate "two-number" office could be justified for 
handling traffic to points beyond the range of A-B toll. The origin of 
the name for this type of operation will be clear from the description 
of the procedure. As with A-B toll, the customer gave his A 
operator the city and number of the party desired. The A operator 
then called the two-number toll operator over a toll-recording-type 
trunk and passed the number of both the called and the calling parties. 
The two-number operator then ordered up a connection to the calling 
party over a high-grade toll connecting trunk to the B-board, the 
connection being made at her request without busy test. Once the B- 
board connection was made, the two-number operator disconnected 
the recording trunk, giving a signal to the A operator to release her 
original connection. The two-number operator then assumed full charge 
of the call and established connection with the called party by an 
appropriate toll line. She also made out a ticket covering the call and 
recorded the necessary timing. On a simple station-to- station call the 
caller remained on the line until the call was completed (or terminated 
by a "busy" or "don't answer"). 

About 1925, another method was introduced for handling toll calls 
while the called party remained on the line. This method, called CLR 
(for combined line and recording), was based on using a single 
operator to handle a call instead of dividing the work among 
specialized operators. 140 

Under the CLR method of operating, the customer dialed or asked for 
long distance in the usual way. The signal at the long-distance board 
appeared before the line operator who answered with the words "Long 
Distance." The line operator recorded the call in the usual way except 
that when the customer gave the name of the called place and the 
number of the called telephone, she selected a circuit to the called 
place and recorded the information on the ticket while waiting for the 
inward operator at the called place to answer. After passing the called 
number to the inward operator and while waiting for the called telephone 

1,10 By the end of 1926, about 150 of the larger cities were using this method. 
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to answer, she asked the calling party for his telephone number. 
Conversation was timed and the ticket disposed of in the usual way. 

Under the single-ticket method, calls to or via a city were always 
handled by the same group of operators. Under the CLR method, any 
line operator could handle a call to any place in the toll system. If the 
call was not completed on the first attempt, the ticket was sent to the 
“point-to-point" position designated to handle calls to the particular 
city being called. This assured prompt and careful handling of those 
calls which encountered delay and the handling of such calls did not 
interfere with work on new calls at the CLR position. 

In summary, it will be noted that this method of operation differed 
very little from short-haul methods such as the A-B and two-number 
schemes except that the desired number was given by the calling party 
to a toll operator rather than to a local operator. Otherwise the pro- 
cedure from the customer's standpoint was very much the same and on a 
normal call the customer was able to remain on the connection 
until the called party answered. 

The CLR method differed somewhat from earlier methods in the toll 
switching trunks employed. At the originating end the connection be- 
tween the local and toll offices was made over high-grade “recording- 
completing" trunks, the higher-loss, less-expensive recording trunk no 
longer being employed. This was economically practical because of the 
highly improved and lower-cost facilities which had become available 
with fine-gauge, loaded cables. The use of high grade completing 
trunks with high current battery was continued at the distant end but the 
high battery supply was not always used at the originating end. When 
the calls originated at a dial office, it was relatively easy to program the 
equipment to provide such a supply when the long-distance code was 
dialed. In manual offices, however, high battery supply involved a 
complex process and ordinarily was not used since the low-loss trans- 
mission facilities available when the CLR method was introduced 
made the battery-supply improvement less necessary. 

5.2.3 Ticketing, Timing, and Charging 

A basic difference between exchange and toll operating was the 
necessity, with the latter, for providing accurate records for each 
individual call, which could be used by the Accounting Department 
for billing the customer for the appropriate toll charge. The “ticket," 
frequently referred to above, provided this information. While the 
format of the ticket varied in the early days of telephony, standardized 
ticket formats were soon introduced and continued in use for many years. 

The ticket used by outward toll operators was made of fairly 
heavy paper, about 3 by 5 inches in size. As illustrated in Fig. 6-71, 
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the front of the ticket had designated spaces for all the information 
required for establishing the call and billing the customer. Included were 
names, numbers, terminals, routing information, operators involved, 
type of call, (collect, person-to-person, etc.), charges, etc. The back was 
blank and used for recording the time the call began and the duration. 

Calls handled at the toll board often involved fairly high charges 
and accurate time records were required. These were obtained with a 
timing device, called a calculagraph, 141 mounted on the keyshelf. The 
calculagraph (Fig. 6-72) had a clock face and a slot for inserting the 
ticket. With the ticket in place, front-side up, the right lever was pushed 
backward and then pulled forward at the start of the call. These 
operations recorded (on the back of the ticket) the calculagraph number, 
the time of day at which the call started, and a pair of dial imprints to 
be used later for indicating the elapsed time. At the end of the call, 
the ticket was again inserted in the same calculagraph and the left lever 
pulled forward. This operation again recorded the calculagraph number 
and also pointers which indicated the elapsed time on the dials 
previously printed. The various recording steps are shown on Fig. 6-73. 
The left side of the figure shows the type of recording obtained 
with calculagraphs made until about 1930. These devices had spring- 
driven, 8-day-clock mechanisms and recorded the elapsed time by means 
of the two left-hand dials, one being marked in 5-minute intervals 
up to 60 minutes and the other in quarter-minute steps up to 5 minutes. 
In the 1930s, regulated 60-hertz power became widely available and a 
synchronous electric motor was used as the drive mechanism. With the 
extra power available, it became possible to record time to the nearest 
second. Recordings made with an electric- drive calculagraph are shown 
at the right of Fig. 6-73. 142 Regardless of the drive, each operation 
recorded the calculagraph number to assure that the same instrument 


141 The calculagraph was invented by Henry Abbott, a 38-year-old New York clockmaker, 
in 1888. Tradition has it that the invention was made on the March day that brought the 
famous blizzard to New York City. Abbott did not have the timing of toll calls specifically in 
mind. Instead, the invention came about in response to a vague feeling that there must be a 
considerable market for a device that would not only measure elapsed time (the stop watch, 
already in existence, did this) but also provide a permanent record . The device was not used 
in telephony until 1894. Before this time, other means for timing telephone calls appeared 
adequate for the small amount of toll business carried on. One telephone manager, on 
being solicited by Mr. Abbott, said he had no use for such a device since his company's toll 
lines received so little use he would be glad to have his customers talk over them without 
limit. However, the situation changed after the turn of the century and Mr. Abbott found 
himself with a very profitable business which he headed in person until he reached an age 
well into his nineties. 

142 Readers interested in mechanical devices will undoubtedly recognize that each 
pointer always pointed at 0 on its scale and both the pointers and dials rotated together at 
appropriate rates. Since the first operation recorded the position of the dials only, and the 
second recorded the pointers only, the two operations provided a record of elapsed time, 
the necessary subtractions being made automatically. 
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Fig. 6-72. Abbott's calculagraph. 


Fig. 6-71. Outward toll ticket. 
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had been used for the two recordings. An error would have resulted 
otherwise since the dials of the various instruments were not positioned 
identically. 

Since toll tickets provided the basic information on time and charges, 
it was necessary to file them for a period long enough to meet legal 
requirements. This ultimately involved large amounts of storage space 
and was one of the many reasons why automatic message accounting 
was developed after World War II. 

A-B toll calls were mostly handled on a station-to-station basis with 
numbers supplied by the caller. Hence, they could be processed with 
less information, and a smaller and simplified ticket was used. Since 
the calls were relatively inexpensive, less precise recording was allow- 
able and was obtained from the standard clock on the A operator's 
keyshelf. Entries for starting and completing time were recorded 
manually on the ticket by the operator who also made the subtraction 
to determine elapsed time. The keyshelf clocks were of the 12-hour 
digital type and were usually installed on the left side of alternate 
positions so each operator would have one clearly in view. Figure 6-17 
shows one of these clocks immediately behind the array of call-circuit 
buttons at the extreme right of the picture. (To the left of the clock 
is a holder for a pad of tickets.) The keyshelf clocks initially were 
very much like the message register used to record calls in large cities 
where measured service was used (see Section 7.3 of Chapter 3). The 
clocks were actuated by pulses from a master clock in the office every 6 
seconds and recorded time in hours, minutes, and tenths of minutes. 
Later these clocks too were driven by 60-hertz synchronous motors and 
the dials arranged to show seconds instead of tenths of minutes. 

The charges for toll calls changed greatly over the years. Typical 
charges at the end of the twenties are shown on Fig. 6-74. 143 

5.3 Intertoll Signaling Systems 

The preceding sections have outlined the manner in which operators, 
in establishing connections between customers, met the special require- 
ments of long-distance service, particularly the need for using circuits 
intensively and charging for the service equitably. The methods used 
by the operator were carried out largely by two subsystems, the signaling 
systems described in this section and the switchboard systems covered 
in Section 5.4. Before proceeding with the discussion of signaling, 

143 As a matter of interest, in 1972 the maximum 3-minute daytime (8:00 A. M. -5:00 P.M.) 
station-to-station rate for calls anywhere in the continental United States was $1.35. The 
maximum weekday evening rate was 85t and the weekend daytime rate was 70t. Every 
night between 11:00 P.M. and 8:00 A.M. the initial period was reduced to 1 minute and cost 
35t with additional minutes adding 20t. Person-to-person calls, reflecting the high cost of 
operating expense, cost $3.55 at any time of day. 
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Fig. 6-73. Examples of calculagraph impressions. 
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Type of Call 

3 -Minute Charge for Airline Miles Shown 

10 

100 

500 

1,000 

3,000 

Station-to-Station: 






4:30 A.M to 7:00 P.M . 

$.10 

.70 

2.05 

3.75 

10.25 

7:00 P.M to 8:30 P.M. 

.10 

.55 

1.75 

3.00 

8.25 

8:30 P.M. to 4:30 A.M. 

.10 

.35 

1.15 

2.00 

6.25 

Person-to-Person: 






All Hours 

.20 

.90 

2.55 

4.75 

12.75 


Fig. 6-74. Typical interstate toll charges as of February 1929. 


perhaps it will not be out of place to emphasize once again the 
interdependence of the operating, signaling, and switching systems; 
the division we have made in this chapter has been adopted as a 
matter of descriptive convenience only. At any stage in the evolution 
of toll switching the particular solution adopted for an operating, 
signaling, or connecting problem was determined not only by the 
technology available to the particular subsystem involved but by the 
interaction among the various subsystems and equipments used 
throughout the toll switching system. And perhaps more importantly, 
we should also recall the important part played by the technology cur- 
rently available for designing transmission and station systems. 

Signals of various kinds were required on a toll call. Reaching the 
toll operator and conveying the customer's desires involved electrical 
and voice signals already described in Sections III and IV. The toll oper- 
ator, in establishing a connection, required signals to alert the distant 
and intermediate operators when she was setting up the call or when 
she needed to recall them for subsequent action. Signals also were 
needed in the reverse direction to indicate actions by the distant 
party or the operator. For the period we are discussing (through the 
mid- 1920s) much of the information was conveyed to operators by 
speech but later signaling systems became more sophisticated and 
electrical signals were used for conveying information previously 
transmitted by voice. 

In the exchange plant, it was common to simplify signaling systems 
by using trunks designed so that calls could be originated at one end 
only. Thus each trunk group consisted of two parts, one capable of 
originating at one end, the other functioning in a reverse manner. Where 
large groups were involved, the number was not significantly 
increased by the use of trunks with “one-way" signaling. A similar 
scheme was used for short-haul toll trunks or on heavy routes, but for 
many years the number of trunks in a long-haul group was very small 
and used “two-way" signaling so that calls could be originated at either 
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end of a given trunk. The signaling complications so introduced were 
more than offset by the reduced number of trunks required. 

5.3.1 Signaling Methods 

Generally speaking, the methods used for toll signaling were, from the 
operator's viewpoint, very similar to those used in the exchange plant 
but, as will be covered shortly, often employed very different tech- 
nological means. Three basic signaling modes 144 were employed: 

Ringdown — Broadly, this referred to the case where electrical signals 
were sent over the toll circuit that was to carry the conversation and, 
more particularly, where initiation of the signals was controlled by the 
operator at either end. This was the method first used on long-haul 
toll lines and remained the predominant method throughout the manual 
toll era. Circuits were of the two-way type. 

Call Circuit — This method used a separate "order wire" circuit for 
conveying signals by voice means. It functioned in the same manner as 
the exchange call-circuit trunking described earlier. It used one-way 
circuits and was employed only with large trunk groups where the 
saving in signaling equipment and operating expense justified the 
additional circuits required for the order wire and for one-way operation. 
Signaling over the talking circuit was not completely eliminated 
since it was necessary to provide switchhook supervision to the originat- 
ing operator, i.e., let her know whether the called subscriber's 
receiver was on or off hook. 

Straightforward Operation — When this form of trunking was intro- 
duced in the exchange plant in the mid-1920s, it was also made 
available for toll systems as a replacement for the call-circuit method. 
Functionally it was the same as described under exchange trunking. Its 
use was somewhat limited since it required one-way trunks and 
caused complications when CLR operation was introduced since all out- 
ward CLR positions had to be equipped to handle all signaling 
modes. Although not extensively used, the technology developed for 
straightforward trunking was directly applicable to the subsequent 
evolution of nationwide operator dialing started in the 1940s. 

5.3.2 Signaling Technology 

Regardless of the method employed, signaling systems are alike 
functionally in that they must accept information generated at an 
originating point, convert it to a form suitable for transmission over 
telephone lines, and reconvert it to appropriate format for use at the 

144 These were also referred to as "trunking methods" since they involved rather 
distinctive ways of setting up trunks between offices. 
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destination. Criteria must be met with respect to speed and accuracy, 
efficient use of the line, and signal level and sensitivity of detection. 
Level and sensitivity present particular difficulties since they have to be 
adequate to avoid error from signal mutilation caused by line distor- 
tion or from unwanted signals such as speech or noise. At the same 
time, the signals must not be of a type or magnitude that would 
interfere with speech or other communication carried by the line. Meet- 
ing these complex requirements in an economical manner constitutes 
the technological problem of signal system design. 

Although the requirements are basically the same for toll and exchange 
systems and the signaling methods employed are superficially alike, 
the technology required for toll signaling is often quite different 
since the high attenuation, distortion, and cost of toll lines prevent 
the use of many of the simple techniques applicable to the exchange plant. 


53.2.1 Ringdown Systems. The information requirements for ringdown 
signaling are relatively simple since the only need is to notify an 
operator at one end of a trunk that voice communication is desired 
(or no longer required) by the operator at the other end. In all ringdown 
systems this was accomplished by applying a high-voltage alternating 
current at one end that operated a drop or other indicator at the 
distant end. Similar arrangements were provided at each end so that the 
trunks operated in the two-way mode. 

The signal originally used was about 100-volt, 16-hertz current, 
roughly the same as used for the customer ringing generated by a 
hand-cranked magneto in the station set. Consequently, ringdown 
toll lines were often referred to as “magneto toll lines" even though 
the toll signaling currents were derived from power-driven generators at 
the toll office. As covered in Section 4.1 of Chapter 3, the ringing 
frequency was changed to 20 hertz about 1917 when commercial 60- 
hertz current became the commonly used prime power source. Except 
for this minor change, the low-frequency system, using 16- to 20- 
hertz signals, 145 had a long history of use throughout the manual toll 
era, but deficiencies showed up first on very long open wire lines and 
later when loaded cable began to be used extensively. 

The problem with open wire was to a large extent economic. 
As the length of these lines increased, they became very costly and 
in order to use them more efficiently, means were devised in the 
early 1890s to use the lower end of the frequency band, not required 
for speech transmission, for transmitting telegraph signals from each 

145 As a matter of convenience, we shall refer to the signaling tone as 16 hertz in this 
chapter unless the precise frequency used is critical. 
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wire to ground. 146 Thus, each pair provided two telegraph channels to 
help carry the cost of the line. However, there was a serious conflict 
with 16-hertz signals since they fell in the same frequency band used 
for telegraph. If metallic signaling was continued, both telegraph 
channels were lost. As an alternative, it was possible to use one of the 
telegraph channels for signaling but this still represented a large 
economic loss. To avoid this penalty, a signaling system using 135 
hertz, transmitted on a metallic basis, was developed about 1902. This 
frequency was above the band devoted to telegraph but was lower 
than necessary for telephone communication. Thus long-haul circuits 
were, in effect, divided into three frequency bands: one below 100 
hertz for telegraph, a second around 135 hertz for signaling, and the 
third above about 200 hertz for voice transmission. Short lines, on 
which the cost of composite telegraph was not justified, continued to 
use 16-hertz signaling applied on a metallic basis (i.e., using a 
balanced rather than a ground-return circuit). 

Since both the 16-hertz and 135-hertz systems were to be used for 
many years, the latter system was introduced without changing the 
operating method or switchboard design . The operator continued to ring 
the distant end by operating the same switchboard key regardless of 
the signaling system employed and the output was still 16 hertz. For 
short lines this output was used directly for signaling but for longer 
lines, carrying telegraph, the output operated a relay arrangement, 
called a "composite ringer," which responded to the 16-hertz current 
from the switchboard key and applied the 135 -hertz current to the 
toll line. At the far end an ac relay, mechanically tuned to 135 hertz, 
responded to the signal and connected 16-hertz ringing current toward 
the toll switchboard to operate the drop or line-lamp relay. 

The choice of 135 hertz for the new signaling system was wisely 
made since the frequency not only fell between the voice and telegraph 
bands but also differed from the fundamental and the harmonics of 
all other alternating-current signals used in the telephone or related 
plants. This avoidance of other tones and their harmonics was an 
early recognition of a signaling objective, which continues today even 
despite the great number of signals now in the plant. The 135-hertz 
signaling system, with detailed improvements made along the way, was 
unchallenged as the major technology for ringdown operation on the 
longer circuits for the next 15 years. 

The problems introduced by cable were more technical than economic. 
On cable it was customary to use the simplex circuit 147 for telegraph 

M ’’ See Chapter 4, Section 4.1.2. This was done by means of a "composite set" which was 
a combination of high- and low-pass filters dividing the open wire circuit into two fre- 
quency bands, the dividing point being roughly 100 hertz, the lower band being used for 
telegraph and the upper for voice transmission. 

147 See Section 4.1.2 of Chapter 4 for a description of simplex transmission. 
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and the metallic circuit for signaling. These two modes of transmission 
were compatible and, except for some minor problems, could use 
the same frequencies without loss of telegraph channels. The major 
problems with 16-hertz signaling arose with the introduction of loading, 
which extended the length of cable that could be used and also en- 
couraged the use of fine, high-resistance conductors. This made signal 
transmission more difficult because of the high attenuation and distor- 
tion with consequent signal mutilation. Perhaps more important was the 
necessity for using repeating coils for impedance matching between 
cable and open wire when the facilities were used in tandem. 
Such transformers badly attenuated and distorted low frequencies and 
seriously limited 16-hertz signaling. This situation was handled for a 
time by the use of improved detecting relays and repeat coils with 
improved ringthrough characteristics or bypass circuitry. These meas- 
ures, together with extensive tests of the ringing characteristics of lines 
and equipment, kept 16-hertz signaling in use on short cable systems 
for a number of years, but the 135-hertz system was adopted for the 
longer systems since it proved to be easier to transmit through 
repeating coils. 

By 1917, it was apparent that the use of telephone repeaters would 
grow rapidly and introduce serious signaling complications in the near 
future. On September 28 of that year a meeting was held among the 
foremost experts of the time on signaling, switching, transmission, and 
telegraph technology to take a system view of the situation as it existed 
and to evaluate the future outlook. Some of their more important con- 
clusions were: 

(/) Cable would gradually take the place of open wire for toll trans- 
mission. This would be accomplished by the use of large numbers 
of repeaters which would require means for passing signaling 
through or around them. 

(ii) Where telegraph was to be provided over long loaded-cable 
circuits, it would be necessary to develop a metallic transmission 
system using very small currents. 148 
(hi ) Metallic telegraph transmission would be incompatible with 16- 
hertz signaling and might well be difficult to coordinate with 
the existing 135-hertz metallic signaling system. 

(iv) Circuit groups were becoming larger because of both normal 
traffic demand and the stimulation provided by the economy of 

148 The reasons were rather complex but in a rather simplified form were as follows: The 
rather high telegraph currents used on open wire would have reacted on telephone 
transmission by saturating the magnetic material used in the loading coils. Lowering the 
currents, while retaining ground return, would have led to impairment of the telegraph 
signal by variable ground potential. In addition, the wires in a cable were so closely coupled 
that interference between grounded telegraph circuits would have been severe. The use of 
metallic telegraph operating on small current solved all these problems. 
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cable circuits and as a result there would be a demand for 
automatic signaling (as required for switchhook supervision with 
call-circuit operation) in place of ringdown. 

This appraisal stimulated effort along a number of lines. Included were 
the following possibilities: improved telephone repeater transmission at 
135 hertz; improved 135-hertz signaling operating at lower, non-inter- 
fering currents; use of vacuum tubes in signaling circuits to obtain 
greater sensitivity; higher-frequency signaling; and common-channel 
multiplex signaling to perform the function for a group of circuits. 

The final answer to the three-cornered problem caused by the expan- 
sion of repeatered cable operation, the need for metallic telegraph 
operation, and the use of ringdown operation with 135-hertz signaling 
did not come for several years. The initial solution was a new 135- 
hertz signaling system using low enough currents to avoid interfering 
with the metallic telegraph system, tuned sharply enough to reject 
telegraph interference, and sufficiently sensitive to operate on all except 
a few of the longest toll circuits. 149 On long circuits, the 135-hertz ring 
was relayed by an intermediate ringer at alternate repeaters. Other 
physical and maintenance improvements permitted successful use for 
many years thereafter. Much of the sensitivity and selectivity of the 
new system was due to the design of a new special relay called the 
218B. This relay was used in an anti-resonant circuit sharply tuned 
to 135 hertz. When a signal was received, the relay armature, which was 
only lightly damped, vibrated and caused a secondary circuit to be 
continuously closed through appropriate contacts . In the development of 
this ringer, vacuum tubes were tried for the first time in signaling 
apparatus. While they proved unnecessary for this particular system, 
they formed an essential part of the system which soon followed. 

It was appreciated, even while the improved 135-hertz system was 
being developed, that a preferable arrangement would be one operating 
in the band of frequencies used for voice transmission. With such a 
system, a signaling path would exist whenever it was possible to talk 
and repeaters, instead of being an obstruction to be bypassed, would 
aid signaling by amplifying the ringing as well as the voice currents. 
Furthermore, it would avoid foreseeable incompatibilities with future 
developments in telegraph and telephone technology and, in particular, 
would be a highly acceptable means for signaling over carrier channels. 

The requirements for such a system were not easy to meet. The 
signal currents had to be much lower than previously used and of the 
same magnitude as voice currents since otherwise they would over- 
load the voice system and cause objectionable crosstalk into voice circuits. 

149 The complete system was standardized by D&R Bulletin 133, dated March 21, 1924, 
but various features undoubtedly were used much earlier as required by the spreading 
cable network. 
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In addition, the signal detector could not be falsely activated by voice 
currents (a condition referred to as "talkoff"). 

A number of Bell System inventors contributed to the solution of this 
problem, and in 1921 patents were filed on signaling systems operating 
in the voice range by A. B. Clark, D. K. Gannett, and H. 
Nyquist 150 at AT&TCo, and by P. B. Murphy 151 at Western Electric. 

By 1922, experimental operation was under way of a signaling 
system in which the basic signaling frequency was 1,000 hertz, just 
about at the optimum transmission point. To provide adequate sens- 
itivity, a vacuum tube was employed to detect this current — the first 
commercial use of vacuum tubes in telephone signaling equipment. 
A sensitive, telegraph-type polar relay, the 215-type, operated from the 
output of the vacuum tube. 

To avoid "talkoff" by voice harmonics or from 1,000-hertz test 
tones or harmonics, the 1,000-hertz signal tone was interrupted 20 
times per second and the resulting signal was detected by relay ap- 
paratus tuned to 20 hertz. To further reduce the possibility of false 
operation, the circuit logic was designed so that the signal needed to 
be present for a short time before response took place. 152 Thus, while 
the system could not be said to have complete freedom from talkoff 
from all possible sources, it was reasonably improbable that false 
operation would occur. A simplified schematic is shown in Fig. 6-75. 153 

In 1923, the 1,000/20 system was installed on some of the longer 
circuits, such as Chicago to Los Angeles, and New York to New Orleans. 
In 1924, the southern transcontinental route was equipped. 

A few years later a number of changes were made . The one-tube signal 
receiving circuit was further improved by the addition of a second vac- 
uum tube and directionally selective arrangements were incorporated to 
reduce the effects of echo currents on re-rings with built-up connections, 
which otherwise would cause signal cancellation. The interrupted 1,000- 
hertz signaling supply was replaced by a 1,000-hertz carrier modulated 
by a 20-hertz tone. Intermediate 1,000/20 ringers also were developed 
so that they could interconnect at an intermediate repeater point with 
20- or 135-hertz signals. 

150 A. B. Clark, et al.; U.S. Patent No. 1,519,573; filed November 17, 1921; issued 
December 16, 1924. 

151 P. B. Murphy; U.S. Patent No. 1,537,653; filed November 10, 1921; issued May 12, 
1925. 

152 Originally it was referred to as the 1,000/cycle system but later it became known more 
accurately as the 1,000/20 system. 

ls3 These terminals, following the pattern established when the 135-hertz system was 
introduced, were essentially two-way converters. A 1,000/20 signal applied to the left-hand 
side of the converter would be detected and send out corresponding 20-hertz signals 
applied to the right-hand side. Conversely, 20-hertz signals applied to the right-hand side 
would produce 1,000/20 signals at the left-hand. While usually employed to connect the 
1,000/20 toll line system to the 20-hertz system used in the toll board, they could, in fact, be 
used wherever a conversion between the two systems was required. 
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Fig. 6-75. Initial 1, 000/20-hertz terminal ringer circuit, simplified schematic. 


The 1,000/20 signaling system thereafter became the predominant 
standard for medium and long toll circuits, its use being found more 
economical than 135-hertz signaling when the toll lines had more than 
one intermediate repeater. Even on single-repeater lines, the use of the 
1,000-20 system was encouraged for reasons of uniformity and it 
operated satisfactorily for many years. 154 

The observant reader will have noted that all the signaling arrange- 
ments we have discussed used alternating current. In the exchange 
plant, 16-hertz ac signaling techniques were being rapidly supplanted by 
dc methods at the turn of the century and about 1903 a somewhat 
comparable complicated dc technique was devised for toll signaling. 
However, direct-current signaling was abandoned for toll board calls 
about a year later (except for some use in call-circuit trunking) as its 
limited possibilities became apparent. Instead, the various ac methods 
we have outlined, using 16, 135, and 1,000 hertz, were chosen for toll 
service. In retrospect, we can see that this was a wise and fore- 
sighted decision since future developments, which made long-distance 
transmission possible, virtually eliminated the possiblity of maintaining 
a direct-current path from end to end and, where it was possible, it 
could be done only at the cost of losing a valuable telegraph channel. 

154 It is interesting to note that European administrations adopted a similar scheme for 
signaling over the voice channel but used 500 hertz as the carrier frequency while retaining 
20 hertz as the modulating tone. 
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53.2.2 Call-Circuit and Straightforward Systems. Technically, these two 
systems had much in common in that they required an automatic 
type of signaling to minimize operating time for successful and 

economic application. Straightforward operation was little used during 
the period covered by this history but some of the technology 
developed during the period for other systems was useful for its 
later application and also was of significance in more recent systems. 

The signaling requirements for call-circuit operation were very simple. 
Most information was transmitted orally and only the status of the called 
subscriber's switchhook had to be conveyed by electrical signals. Call- 
circuit operation was found economical for large circuit groups 
as early as 1907 and special arrangements were developed for this 
type of trunking even though large groups were uncommon until 
much later. The early systems used a dc arrangement (colloquially 
known as “wet-dry" signaling 155 ) over the metallic circuit, or an 
equivalent scheme using a telegraph channel, to obtain switchhook 
supervision. 

The use of either of these schemes caused the loss of telegraph 
channels. Originally this was of small moment since the large trunk 
groups necessary to justify call-circuit signaling tended to be so short 
that the cost of deriving telegraph channels made their value small. 
However, as circuit groups increased in size and call-circuit trunking 
was applied to longer circuits, the disadvantage of using telegraph 
channels increased, particularly on cable circuits which required metallic 
transmission of telegraph. The 1917 meeting to review signal systems 
recognized this situation and, as noted previously, pointed out the 
advantage of multiplexing signaling systems by using a single circuit to 
perform the signaling function for a group of voice channels, thus 
releasing the telegraph dc path otherwise required. Work soon began on 
developing this so-called "common-channel signaling system" 156 using 
basic concepts patented by Bancroft Gherardi 157 of AT&TCo and H. D. 
McPherson 158 of the Western Electric Company. The resultant com- 
mon-channel signaling system (known as the distributor system for toll 

•55 “Wet-dry" signaling was a two-state system, one state (wet) being indicated by the 
application of a dc potential to the line, the accompanying flow of current operating a relay. 
The absence of current indicated the second (or dry) state. 

156 This was not the first proposal for common-channel signaling. Before the 
development of the 135-hertz system, a scheme known as the Morse ticket system received 
some use. The basic idea was to use one telegraph channel as a Morse order wire to provide 
signaling information for a number of circuits. This had the advantage of saving telegraph 
channels and some telephone circuit time but obviously complicated operating methods 
very severely and its general use was abandoned when 135-hertz signaling became 
available. 

157 U.S. Patent No. 1,251,363; filed August 31, 1915; issued December 25, 1917. 

>58 f«jj ne consecutively numbered patents starting with U.S. Patent No. 1,387,284; filed 
July 31, 1919; issued August 9, 1921. 
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lines) was used in a commercial trial in 1922 and standardized by 
D&R Bulletin No. 162, dated August 15, 1924. 159 

The distributor system was originally used with call-circuit trunking 
but it soon became apparent that straightforward operation required 
little or no additional cost to implement since the capability was present 
in the signaling system. Accordingly, the full group of 240 circuits 
between New York and Philadelphia was converted to straight- 
forward operation. Eight distributor signaling systems were required 
for this and they remained in service through the 1940s. Similar 
systems were installed in a few other cities but wide use did 
not come about because of engineering uncertainties of the time. 

One of the uncertainties was the size of the circuit group needed to 
justify the expense of a common system — a problem frequently en- 
countered in the Bell System as it explored the use of common- 
system technology for groups of circuits. Costs were such that economies 
for the common signaling system over 135-hertz or 1,000/20 ringdown 
signaling appeared possible only when circuit groups were as large as 
25, 30, or even 50 circuits each, depending upon particular configura- 
tions. Since only about 1 percent of the AT&TCo Long Lines circuit 
groups were more than 30 circuits per group, and since a far 
smaller percentage prevailed for Associated Company circuit groups, 
widespread use of the system was not economical. Other considera- 
tions inhibiting the use of the common signaling system involved 
differences between the supervisory features of this system as compared 
with those that had been developed for straightforward operation 
with individual signaling per circuit. 

The straightforward signaling technology developed for individual 
circuit operation stemmed from the techniques used for composited 
grounded telegraph systems. A number of applications based on these 
techniques were made but the technology was in conflict, as previously 
noted, with the objective of providing telegraph service over toll lines. 
Accordingly the need became apparent in the latter part of the 1920s 
for some other signaling technology for straightforward operation. 
Considerable thought was given to adapting the 1,000/20 system to this 
use, but it was not for many years that a suitable in-band signaling 
system for straightforward, and later dialing, purposes was developed. 

Even though the distributor system was used only to a limited 
extent, its description is of interest since it was a precursor of 
concepts used much later, including modem electronic systems which 

159 At this time, a system became a Bell System Standard when a descriptive bulletin was 
issued by the Development and Research Department of AT&TCo. These "D&R Bulletins" 
were usually issued when the system had been put into final form after extensive field trials. 
Frequently, nearly identical systems had been in commercial use for a number of years on 
an experimental or provisional basis before standardization. 
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transmit signaling information for a plurality of lines over a common 
data link. The concept also is being put to use in other modem 
signaling systems as a replacement for the voice-frequency systems 
that have been used so extensively since World War II. 

The distributor system developed in 1922 compressed the supervisory 
signals for 30 toll lines into one telegraph channel through the use of 
time-division multiplexing techniques, thus freeing all other low- 
frequency channels associated with the 30 voice circuits for telegraph 
use. Such compression was possible because the system effectively 
transmitted only two status conditions per circuit for each direction of 
traffic, i.e., off-hook and on-hook; and changes of state occurred in- 
frequently compared to the holding time of each circuit. The techniques 
used were those of the start- stop telegraph-printer multiplex system 
described in Section IX of Chapter 7. 

Fundamentally, the distributor system consisted of two commutators 
at each end of the telegraph channel, as shown in Fig. 6-76. The 
sending commutator at one end was paired with the receiving 
commutator at the far end to provide signal transmission in one direc- 
tion and a similar set of commutators were paired for signal trans- 
mission in the reverse direction. A single, full-duplex telegraph circuit 
connected the two ends and carried the signals in both directions. 
Each commutator consisted of a flat disk with a circular contact 
plate broken up into a number of segments. A motor-driven metallic 
brush rotated so that it passed over the segments successively, 
contact being made between the brush and a particular segment 
simultaneously 160 at the two ends of the circuit. The commutator 
had eight segments, six of which were used for signaling informa- 
tion and two to maintain synchronism by means of the start- 
stop principle. In modem terms, the six commutator segments used 
for signaling carried a six-bit code, one bit indicating the supervisory 
status (switchhook on or off) and the other five identifying the particular 
one of the 30 lines for which information was being transmitted. 

Some readers may desire more technical detail. For those it should be 
noted that the basic idea of the distribution system was that the 
sending and receiving commutators were adjusted to approximate 
synchronism but one would always run at a slightly different speed 
than the other and if allowed to run freely would sooner or later get out 
of step. To avoid this, the brushes were stopped each revolution, 
after they had transmitted the six signaling bits and reached the stop 
segment of the commutator, and remained so until further transmission 

160 This was effectively but not literally true. Synchronization of the two ends was not 
exact and the receiving commutator, of necessity, had to run behind the sending by the 
propagation time of the circuit. The start-stop technique, described in the next paragraph, 
took care of both of these factors. 



Fig. 6-76. Distributor signaling system for call-circuit toll lines, simplified circuit. 
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of information was required. At that time, the control mechanism 
initiated signals which started another revolution of the brushes. Thus, 
synchronism had to be maintained only during a single commutator 
revolution, a requirement that was easily met. It was not necessary for 
the commutators to rotate unless they had information to transmit, i.e., 
when some change in signal status occurred in one of the 30 telephone 
circuits connected to the system. Change of status information was 
provided by relay circuitry ahead of the sending commutator which 
stored the information until time for transmittal had arrived. Other 
relay circuits were used to accept the input from the store and encode 
the status and identity of the line. Complementary circuitry was used 
at the receiving end. For simplicity, the relay control and encoding 
circuitry is shown in Fig. 6-76 as symbolic boxes preceding and 
following the commutators. 

5.4 Toll Switchboards 

As we have noted, the methods used by the toll operator were 
implemented by the signaling systems just described and the switch- 
board systems that provided the physical means for interconnection. 
Toll switchboards, to a large extent, used principles and apparatus 
developed for the exchange plant but required additional and more 
sophisticated arrangements to meet the special needs of toll service. 
Thus, while toll switchboard development could start with basic ideas 
growing out of exchange plant needs, it was strongly influenced by the 
technology currently available for signaling and the special require- 
ments for handling calls involving timing, delay, and other complex 
operating methods. As we have noted, the operating methods used for 
meeting toll switching requirements were gradually simplified. This 
simplification was brought about partly by adopting new trunking and 
signaling methods and partly through switchboard development 
which gradually produced equipment best fitting the capabilities of the 
operator, a process which today we call "human engineering." 

A switchboard has four basic components: a set of inward jacks; a 
set of outward jacks; a group of plug-terminated cord circuits 
(with associated keys and switches) to interconnect the inward and 
outward jacks; and, finally, an appropriate set of indicators to show call 
status. The board also includes supplementary equipment such as clocks, 
call-circuit keys, jacks for operator telephone sets, and so forth as 
required to carry out the operating methods applicable. In toll switching, 
one set of jacks is normally 161 connected to exchange plant circuits and 
the other to toll trunks. Thus, the toll board provided the interface 

161 An exception was the “through" board which interconnected toll trunks. It functioned 
much like the tandem board used in the exchange plant which has been described earlier. 
These were much simpler boards than those serving as the exchange-toll interface and were 
used in much smaller numbers. 
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between these two types of plant and the cord circuits (with 
associated equipment) had to be designed to operate with exchange 
signaling systems on the one side and toll signaling systems on the other. 
As in exchange switchboards, the jacks in a toll board were located in 
a vertical backboard, the cord circuits and associated keys in a horizontal 
keyshelf in front of the operator, and the indicators (lamps or drops) 
adjacent to the jacks or plug sockets as appropriate for providing 
ready identification. 

It was recognized early in the century that two basic types of toll 
switchboards were required — one for use in small, single-office cities 
where the volume of traffic and number of toll circuits were relatively 
small, and the other for use in large multioffice cities or where it was 
desired to handle toll traffic for a group of small cities at a single point. 
In the first situation, i.e., the single-office city, the toll switchboard was 
installed as part of the local-office switchboard lineup. This switchboard 
had the entire subscribers multiple appearing on the jacks in front of 
the operator, and she could use her cord circuits to connect the subscriber 
directly to a toll line. Where the separate toll board was used, toll switch- 
ing trunks were run between the local and toll switchboards and used 
as described previously. 

Early boards of the type used in the local lineup included the No. 
IB, No. 2, No. 9C, and others. Since common-battery (direct-current) 
supervision was used toward the subscriber and alternating-current 
signaling toward the toll line, the cord circuit had to be designed to be 
responsive to both of these signals. Where toll-to-toll (through) con- 
nections were to be made at the same board, separate cord circuits 
were supplied for this use that were responsive to alternating-current 
signals from each direction. These switchboards also were adapted for 
short-haul A-B toll traffic. The general principles used in these boards 
were much like those employed in the separate toll boards such as the 
No. 1 type described below. 

5.4.1 The No. 1 Toll Switchboard 

This board was developed soon after the turn of the century and 
continued in use for about 25 years during which time many changes 
were made to adapt it to the evolving requirements. Photographs of 
several types of the No. 1 board are shown in Figs. 6-77, 6-78, and 
6-79. The first of these is a rather sophisticated version of the board 
equipped for CLR operation (note the calculagraphs on the keyshelf). 
The second is an inward board equipped for ringdown operation, and 
the third is a tandem version. Neither of the latter two, of course, 
required calculagraphs since no timing was done at these boards. 

An example of the circuitry associated with trunks and cords is shown 
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schematically in Fig. 6-80. In ringdown operation, for which this circuit 
was used, the operator at the far end of the toll line called the toll 
operator by ringing over the line with a 16-hertz current or other 
appropriate signal. The toll-switchboard end of the line was equipped 
with a relay to respond to this ringing current and operate a line 
signal such as the lamps shown in the schematic. After the toll operator 
answered this signal by plugging a cord into the line jack, the line 
relay was disconnected, and the line cut through to the apparatus in 
the cord circuit. The cord circuit of the No. 1 switchboard had two 
supervisory relays. The relay on the toll-line side responded to the 16- 
hertz current and gave the toll operator an indication that the distant 
operator was recalling. The second supervisory relay responded to direct 
current received from the switching trunk to give the toll operator 
switchhook supervision of the subscriber. Other relays (not shown) 
permitted the toll operator to make a busy test or to use the cord for a 
terminating or a through connection. Keys (not shown) were included 
in the circuitry to permit the toll operator to connect her telephone 
set to any cord circuit from time to time in order to talk and listen. Keys 
also were included to permit her to ring on any front or back cord and to 
split any cord circuit, i.e., cut off either front or back cord from her 
own telephone set and from the other cord. 

Over the 25 years during which the No. 1 toll switchboard remained 
the main Bell System toll board, many changes and additions were 
made to handle the various operating methods introduced in this period, 
including the single-ticket, all-circuit, and straightforward techniques. 
As dialing was introduced in the exchange plant (see Section IV), 
circuits and equipment were added so that the toll operator could 
receive calls from and complete calls to dial offices. However, all 
switching to and from toll lines was handled on a manual basis 
through the first 50 years of telephony. 

The transmission characteristics of the toll switchboard also were im- 
proved. Special cord circuits containing telephone repeaters were 
developed and used to some extent to improve transmission on through 
connections, but were later abandoned due to the difficulty of main- 
taining transmission balance with 2- wire through connections. Trans- 
mission on through switches was improved by developing means for 
cutting off the outward and inward position toll-line multiple ap- 
pearances on such connections. 

Modifications were made to improve the speed of service and to adapt 
the switchboard to changing modes of operation. For example, there 
was developed the capability to operate groups of positions on a team- 
work basis, whereby operators could handle traffic on adjacent positions 
by grouping those cords to the home position. Circuits were developed 
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Fig. 6-77. No. 1 toll switchboard equipped for combined line and recording operation. 
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Fig. 6-78. No. 1 toll switchboard, inward board equipped for ringdown operation. 
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to permit the rapid transfer of inward calls, resulting from delayed 
operation at the far end, to outward positions for completing. 162 
Busy signals were developed which automatically indicated whether the 
toll line was busy or not without making a busy test with the cord. 
These signals consisted of magnetically operated shutters which were 
visible to the operator in a small window associated with the line jack. 

5.4.2 The No. 3 Toll Switchboard 

In the early 1920s it became apparent that the continued adaptation 
of the No. 1 toll switchboard to changing technology had proceeded far 
enough, and that a new switchboard was needed not only to best 
accommodate the technology as it then existed but also to be designed 
with a view toward the future. Accordingly, such a board, designated 
the No. 3 toll switchboard, was developed and made available about 
the mid- 1920s. The design of this board was aimed at a high degree of 
uniformity in the interface between the cord circuits and the line and 

162 When a toll call could not be completed immediately at the distant end, an operator at 
that point might later call back the originating office. This call, answered at the inward 
board, would be transferred to the outward board where the original ticket was being held. 
For this purpose, there was provided for each line at the inward board a pushbutton which 
lighted a line lamp at the outward board. 



Fig. 6-79. No. 1 toll switchboard, tandem version. 
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trunk circuits. This was achieved by redistributing and altering the 
signaling arrangements between the cord and trunk circuits. The new 
board also achieved a uniform interface between the line-circuit relays 
and the intertoll signaling equipment, and this permitted the intertoll 
signaling equipment to be considerably simplified. A schematic of the 
No. 3 board and its connecting circuits is shown on Fig. 6-81. 

L. F. Porter of Bell Telephone Laboratories patented the basic 
system. 163 In essence, the signaling rearrangements consisted of moving 
the cord-circuit ringing relays and dc supervisory relays from the cord 
to the line and switching trunk, and signaling between the cord and 
its connecting circuits with direct current over the sleeves. In addition, 
ringing from the cord toward the line-trunk circuits was accomplished 
by direct current rather than the 16-hertz ringing that had been retained 
in the No. 1 board, thus providing an interface between the line and 
the intertoll signaling circuits. In addition to the cord circuit changes, 
the position circuit was greatly simplified and arranged to accomplish 
the delayed call transfer function from the position rather than from a 
key per line circuit. Improvements were also made in handling calls 
to exchange dial offices. 

The transfer of apparatus from the cord to the line and switching 
trunk and the use of common positional equipment made possible a 
relatively simple toll board suitable for inward, outward, or through 
operation, and easily adapted to future trends in dialing and signaling. 
The transfer of equipment from cord to line circuit also was of interest 
from the economic standpoint because in toll switching at the time there 
were 60 percent more cords than lines and 25 percent more cords 
than switching trunks. 

For many years after its introduction, the No. 3 board, a photograph 
of which is shown on Fig. 6-82, was standard for new installations 
made to accommodate growth in traffic. In some cases it replaced the 
No. 1 toll switchboard where substantial traffic rearrangements were 
being made. At about the same time, another new board (designated 
No. 11) was developed to perform more efficiently the functions of the 
No. ID, No. 2, and No. 9C boards where the toll board was part of the 
local lineup. Figure 6-83 shows a photograph of a No. 11 toll switchboard 
taken during installation. 

5.5 General Toll Switching Plan 

In the very early days of telephony, toll service was provided be- 
tween only a few selected locations using special station equipment, 
connected by direct circuits of the highest grade technically feasible 
at the time. As technology developed the concept of a universal 
service came closer to realization. High-efficiency, stable telephones, 

163 L. F. Porter; U.S. Patent No. 1,608,524; filed July 24, 1924; issued November 30, 1926. 



Fig. 6-81. No. 3 toll switchboard, trunk and cord circuits. (Redrawn from Davidson 192 
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Fig. 6-83. No. 11 toll switchboard. 
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which could be installed at any customer location, and low-loss lines 
extended the area over which long-distance service could be provided. 
It was apparent that a need for a fantastic number of interconnections 
would soon develop if any customer, wherever he might be, was to be 
capable of talking to any other customer in the network. We have seen 
how this need was met in the exchange plant by the use of central 
offices for grouping together subscriber lines so they could be efficiently 
interconnected by a system of trunks. A somewhat similar solution was 
used in the toll plant. A major difference was that only a few pairs 
of cities had sufficient traffic between them to justify the direct 
interconnection of their toll boards. In a large majority of cases it was 
necessary to adopt tandem switching concepts. In these cases a toll 
call involved a number of lines connected in tandem at intermediate 
points. In establishing such built-up connections it was important to keep 
the number of tandem links to a minimum to avoid excessive switching 
time and transmission loss. It was also desirable that toll circuits be 
consolidated into large routes to provide economies of scale when this 
could be done without transmission degradation. 

For these reasons the routing of a call between two cities was not a 
haphazard matter but had to follow a plan carefully worked out to meet 
the many operating, cost, and transmission requirements. As we have 
noted, an important part of toll operation was consulting a routing 
operator or some form of written routing schedule to determine the most 
suitable tandem switching pattern. Fora considerable period the routing 
pattern changed frequently as toll facilities were added and experience 
in routing techniques accumulated. By the late 1920s, the situation had 
reached the point where the techniques could be formalized into a “Gen- 
eral Toll Switching Plan/' which was adopted in 1928-29. While the 
greatest impact of this plan was on the period beyond the first 50 years of 
telephony, it is nonetheless of considerable interest to this history since 
it represents the codification of techniques which gradually evolved 
during the first quarter of the twentieth century. 

The general features of this plan are illustrated by Figs. 6-84 and 
6-85. Figure 6-84 shows how the plan applied in a limited area such as 
an Operating Telephone Company or large state. A few important 
switching points were selected in each such area and designated as 
“primary outlets" (PO) which served as tandem switching points. Each 
toll center (city or area with a toll board) was connected directly to at 
least one primary outlet and each primary outlet was connected directly 
to every other primary outlet in the area. In addition, a few toll centers 
with heavy traffic between them were connected by direct circuit groups. 
Thus, any two toll centers in the area could be connected together 
with no more than three toll trunks in tandem (two PO switches) and 
those with high community of interest would involve only one toll trunk. 

The nationwide application of the plan is illustrated in Fig. 6-85. 
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Fig. 6-84. Application of the toll switching plan to an operating area. (Osborne 1936, 
Fig. 22) 


In order to tie together the interconnected groups of primary outlets 
with a minimum number of switches, a higher level was added to the 
hierarchy of switching points and served as the center for a large region. 
Each primary outlet had direct connection to one or more of these regional 
centers and each of the latter was connected to all others so that complete 
interconnection of all toll centers was possible with anywhere from one to 
five toll trunks in between. By 1935, the system had grown to the eight 
regional centers and 143 primary outlets shown on Fig. 6-86. 



Fig. 6-85. Application of the toll switching plan to the country as a whole. (Osborne 
1936, Fig. 23) 
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Fig. 6-86. Locations of primary outlets and regional centers. (Osborne 1936, Fig. 25) 
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The selection of the location for a switching center was a complicated 
process aimed at best meeting the requirements of good service with 
minimum cost and shortest practical delay due to switching and busy 
circuits. In most cases, principal cities were the logical choice for 
switching centers but other main switching points were chosen because 
of advantageous location such as the intersection of important toll routes. 
Transmission design was also a complicated matter since the trunks 
making up the network had to be designed for satisfactory attenuation 
and echo characteristics over nationwide connections involving as many 
as five trunks in tandem. But these matters are well beyond the scope of 
this history. 164 While the use of multilink connections was unavoidable 
for connecting small, remote toll centers with little community of 
interest, the steady growth of long-distance service made possible 
increased use of direct trunks. Figure 6-87 shows, for example, the direct 
circuits from Chicago to primary outlets and regional centers in 1935. 

5.6 Summary 

Because of the serious technical problems involved in transmitting 
speech over long distances, the development of a switching system in the 
toll plant started much later than in the exchange plant. Although 
AT&TCo had been incorporated in 1885 to establish long-distance 
service, and a few toll lines existed even earlier, it was not until the 1890s 
that the evolution of the toll network truly began. 

This delay made it possible to use, for toll switching, many of the 
interconnection techniques devised earlier for the exchange plant and, as 
a consequence, toll switching development could concentrate largely on 
the problems peculiar to long-haul communication, namely, means for 
signaling over lines extending over considerable distance and 
techniques for timing, charging, and handling calls in ways that used the 
expensive lines economically. 

Signaling methods originally employed the 16-hertz alternating 
current that also was used extensively in the early exchange plant both for 
ringing and signaling. When practical means were found for reducing 
the cost of long telephone calls by using the lines simultaneously for 
telegraph and telephone service, the 16-hertz system was incompatible 

164 For those interested in some detail, it should be pointed out that attenuation 
requirements were met initially by using repeaters in the cord circuits at through (tandem) 
switchboards. With this scheme it proved difficult to achieve the impedance balance 
required to give adequate repeater gain and it was superseded by an improved method 
using repeaters permanently inserted in the toll lines at their terminals. The amplification 
or gain of these repeaters was adjusted automatically as required when the lines were 
connected in tandem at a through switchboard. A system of attenuators or pads was used 
for making the necessary gain adjustments. 
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with telegraph and was replaced by 135-hertz signaling which did not 
conflict with either of the communication services. Later, transmission 
developments such as electron tube repeaters and carrier systems were 
devised to achieve nationwide communications at low cost. With these 
facilities, low-frequency signaling paths were difficult to achieve and in 
the 1920s, when it was clear that future long-haul transmission systems 
would follow the electronic route, signaling again was changed to fit the 
new circumstances. One change, which was to last many years, was to 
signal over the voice band so that any system capable of carrying voice 
transmission also would be suitable for signaling. Another development 
of this period was to transmit signals for numerous voice channels over a 
single common signaling channel. This system, which employed 
time-division multiplexing, was not extensively used at the time but the 
technique had a resurgence some 40 to 50 years later and was used in the 
then-evolving electronic switching systems. 

Toll line interconnection during the first 50 years of telephony was 
accomplished solely by manual techniques, the use of automatic 
switching methods not yet having developed to the point where they 
were competitive for the many complex operations associated with toll 
switching. At first, the operating methods employed were highly 
involved because of the primitive equipment available, the lack of 
uniform operating procedures throughout the country, and the necessity 
for using expensive toll lines for the greatest number of calls possible. 
Meeting this last objective required many operators, tandem toll lines, 
delayed service, and high usage of person-to-person calls. 

Gradually, standardization of methods reduced the need for double 
ticketing, and the reduction of toll line costs encouraged the use of toll 
service. These factors led to expanded routes and to operating methods 
that more and more resembled the techniques of the manual local plant in 
which an operator made the physical interconnection by means of plugs 
and jacks. However, many of the other associated functions, such as 
supervision, ringing, etc., were largely carried out by automatic 
arrangements employing relays, self-restoring drops, switchboard 
lamps, and so forth. 

It is important to realize that the evolution of transmission, switching, 
signaling, and station systems was a highly interdependent process that 
resulted in a spiraling (and related) reduction in cost and increase in 
traffic. Each improvement in one aspect of the plant usually resulted in 
potential for improving the others. These improvements gave better 
service and lower cost and stimulated more usage, which in turn led to 
the demand for more circuits, giving economies of scale which further 
stimulated the cycle. 
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Fig. 6-88. Toll and total daily messages, 1880—1925. 

Figure 6-88, which shows the growth in toll calls as well as in total 
telephone calls during the first part of the twentieth century, illustrates 
the extent to which efforts in the various lines of endeavor achieved 
success. Growth in all calls was extremely rapid in the years up to about 
1910 but flattened off to a considerable extent after that date. In the toll 
area, however, the rapid expansion continued for many years later. This 
rapid expansion resulted from many factors but chief among them were 
technical advances in transmission systems, which conquered the 
distance and economic problems of transmission (as outlined in 
Chapters 4 and 5), and switching system improvements, which led to 
better and more convenient toll services. Before going into these matters, 
it may be interesting to consider the growth data shown on Fig. 6-89 for 
three selected routes. By 1923, the beginning of the period considered, 
toll service between New York and Boston had been in existence for over 
25 years. Its use had become commonplace and growth had settled down 
to about 5 to 6 percent a year. New York-Chicago service did not become 
commercially practical until the early 1900s with the advent of loading 
and its cost remained high until electronic repeaters began to be 
introduced in quantity about 1920. Hence, the improvement in quality of 
transmission and cost had a highly stimulating effect on the growth of 
traffic in the mid-1920s. The effect is even more noticeable on 
transcontinental traffic which, while possible as early as 1914, was 
difficult to use and limited in quantity until transmission improvements 
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introduced in the 1920s made line construction more economical and 
brought about a quality of transmission more comparable to the shorter 
lines to which the user had become accustomed. 

Throughout the entire period of toll switching development there were 
two outstanding objectives. One was the reduction of the time required 
to establish a call and the second was simplification of operating methods 
so as to minimize the burden not only on the operator but more 
particularly on the user. Figure 6-90 shows the extent to which the first 
objective had been achieved by the late 1920s. Early long-distance calls 
often required long delays before completion since the circuits were 
expensive and few in number and the user had to await his turn in 
obtaining access to those available. By 1920, technical developments 
reduced circuit costs to the point where large numbers of circuits could 
be supplied economically, and rapid reduction in service time became 
possible. One factor of importance was that more of the short-haul 
circuits could be supplied in sufficient number to be handled as A-B toll 
with consequent reduction in average speed of service (the measure used 
in Fig. 6-90). Changes in operating methods also played an important 
part in improving speed of service. Figure 6-91 shows quantitatively the 
way in which operating methods were changed. Originally, the complex 
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Fig. 6-90. Improvement in speed of service (all toll calls averaged), with speed of service 
defined as the average time required from the placing of a toll call to the response of the 
called party, or until a definite report is made by the operator. (Redrawn from Gherardi 
and Jewett 1930, Fig. 26) 



Fig. 6-91. Distribution of toll calls by operating methods at Bell-operated offices in 
the United States, 1915-1930. (Redrawn from Osborne 1936, Fig. 20) 




Switching and Signaling 


659 


two-ticket arrangement was largely used for toll board calls but by 1915 it 
was mostly replaced by the single-ticket method and it was phased out 
almost completely by 1930. Where it was impractical to use A-B toll, 
because of the scarcity of traffic, the two-number method had been 
introduced to give the user some of the benefits of A-B service by 
completing calls while he remained on the line. With the introduction of 
the CLR (combined line and recording) method in 1925 the number of 
calls handled while the user stayed on the line increased rapidly and by 
1930 essentially all calls were handled either on an A-B or CLR basis. 

The many changes in the outside plant and in operating methods had 
large effects on the speed with which the long-haul toll board calls were 
handled. In 1920, the average speed of service on these calls was 13 
minutes; by 1926, this had been reduced to about 7 minutes, a large part 
of this time being used in transferring tickets within the office and 
waiting for availability of operators. Three years later, largely through 
the use of CLR operating, it had been reduced to 2.6 minutes. 165 It is 
interesting to note that the limitation of call length has never been used in 
the Bell System to provide increased circuit availability with consequent 
improved speed of service. The basic philosophy has been that, except 
for emergency situations, the customer should use the circuit as long as 
necessary to meet his needs and that reductions in delay should be 
accomplished as far as economically practical by providing enough 
circuits to meet the customer's requirements. 

In conclusion, it should be noted that by 1925, when the telephone 
ended its first 50 years of use, the long-distance switching field was in the 
middle of a period of great development and growth . This was producing 
technology that in a few years was to mature into a solid base for a long 
period of toll service expansion during which the ultimate goal was 
achieved of low-cost service handled on much the same basis (from the 
subscriber's standpoint) as exchange service. 

VI. PRIVATE BRANCH EXCHANGE (PBX) SWITCHING 

The private branch exchange (PBX) systems described in this section 
were aptly named and highly useful supplements to the common-carrier 
networks discussed previously. 

Many business and other organizations had a need for internal 
telephone communication and this was supplied through a small 
switching system, usually located on the organization's premises, and 
operated by one of their employees. In this sense it was a private 


165 These times are not to be compared with those shown in Fig. 6-90, which gives 
average time for all toll calls, many of which were handled very rapidly by A-B method. 
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switching system even though the equipment involved was leased from 
the telephone company. These same users also had need for connection 
to the common-carrier network and this, too, was accomplished by 
means of the PBX, which could connect their local extension lines to the 
telephone central office over PBX trunks . 166 In this usage, the PBX served 
as a branch switching point (or “exchange/' to employ the original usage 
of the word). Thus, the PBX switchboard made possible both on-premise 
communication and also communication via the common-carrier net- 
work by means of a single telephone station set for each user location. 

The PBX concept had many other advantages besides eliminating the 
need for separate telephone stations to serve the dual services. Since only 
a small part of the traffic went through the PBX to the central office, a 
relatively small number of PBX trunks could serve in place of the large 
number of equivalent loops that would have been required if each station 
had been individually connected to the central office. Thus, there was a 
considerable saving in outside plant that helped pay the cost of the PBX 
equipment and operator. Very large organizations, operating at several 
locations, often had a PBX installation at each location, all being 
connected together by “tie lines" which made possible interconnection 
by PBX switching without going through the common-carrier network, 
thus achieving more economical use of outside plant. 

There also were many service conveniences associated with the PBX. 
PBX users did not need to be listed individually in the telephone 
directory since a single listing of the organization would be sufficient, 
the PBX operator serving to direct the incoming calls to the desired 
individual; if the particular desired person were not known by name, the 
operator, being an employee, could usually direct the caller to the 
appropriate individual . 167 On outgoing calls the operator also could be of 
help in locating the number and location of the person being called and 
establishing the call with a minimum use of the caller's time. Thus, the 
operator frequently served as a telephone secretary, and in recognition of 
the fact that her duties went beyond switchboard operating, she came to 
be known as a “PBX attendant." Finally, the PBX provided an 
opportunity for conveniently switching various kinds of special services, 
and considerable technological effort has been expended in effectively 
accomplishing this function. 


166 PBX terminology has varied somewhat over the years. The line from the PBX to the 

user was often referred to as a "line" with no further qualification but it was also called an 
extension, an extension line, or a station line. The user's station was referred to as a PBX 
station, an extension station, or sometimes without qualification. The line between the PBX 
and the central office has some of the characteristics of a subscriber loop but was usually 
called a PBX "trunk" since it connected two switching points. In this discussion, we have 
attempted to use the simplest, most unambiguous terminology. 1 

167 If desired, an individual's name could be listed in the appropriate alphabetic position 
in the directory together with the PBX number. 


Switching and Signaling 


661 


Although the PBX, to a large extent, is a private communications 
system, it must meet standards of performance that are compatible with 
other telephone system equipment so that the PBX, and its connected 
lines and stations, will in no way degrade performance when used as part 
of the overall network. Therefore, the Bell System approach from the 
beginning was that PBX communication was properly a part of the 
overall communications system and should be treated as an extension of 
the telephone network. It followed that, throughout their evolution, PBX 
systems were closely integrated with contemporary Bell System 
technology in the fields of transmission, switching, traffic engineering, 
and the design of station instrumentalities. 

This approach benefited the PBX and other users as well as the 
telephone companies. Not only did both types of users obtain uniform 
service but PBX development could take advantage of the technological 
developments taking place elsewhere in the System and the development 
of PBX technology also could benefit the overall network. The special 
nature of PBX service has resulted in some unique problems and 
solutions with resultant technical advances of broad benefit. Among the 
problems was the need for optimizing designs to meet the special size 
and service requirements of the PBX, including installation and 
maintenance on customer premises. Among the technological benefits 
from PBX development was the opportunity the PBX offered for testing 
new technology on a small scale in a controlled environment. As an 
example, the PBX in the Western Electric Engineering Department was 
an important vehicle in the development and testing of early automatic 
switching systems. Much later (in the 1960s), PBX development 
pioneered time-division switching and spearheaded the development 
and testing of new service features of broad impact. 

As with other systems, PBX switching was initially carried out 
manually, and the operator (or attendant) played an important role for a 
long time. However, automation also played a significant role when it 
became practical. The step-by-step and relay systems proved particularly 
well suited to this service. The evolution of both manual and automatic 
PBXs will be covered in the sections which follow. 

6.1 The First 25 Years — The Formative Period 

The very earliest applications of telephony, such as the pioneering 
work of Holmes, Doolittle, Isaac Smith, etc., were private systems but 
not PBXs since they did not connect with other networks . The first PBX in 
accord with present concepts seems to have been installed by the Dayton, 
Ohio, Telephone Company in 1879 at the local Soldier's Home. It had 
seven extension stations and at least one trunk to the local exchange. 

In the same year, several private intercommunication systems were 
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installed which were not initially connected to central offices. One of 
these was installed for the Northern New Hampshire Railroad and 
another at Columbus, Ohio. The latter employed 42 telephones and in 
1880 connection to the local exchange was provided. 

In 1887, the Western Electric Company had in manufacture a telephone 
system designed for use in large buildings which, if desired, could be 
connected also to the central exchange. This system had been used since 
about 1885 in the Western Electric Company itself, in the City Hall in 
Chicago, and in the offices of the Union Pacific Railroad in Omaha. The 
system was not a prototype of future PBX systems but contained some 
features of interest. 

The general plan of the Western Electric system is shown in Fig. 6-92. 
The station set, shown in Fig. 6-93, consisted of a transmitter, receiver, 
and vibrating dc bell; a switchhook connected the line to the 
transmitter-receiver combination when off-hook, or to the bell when 
on-hook. Interconnection was accomplished by means of one transmis- 
sion wire per station, which had an appearance at all other stations. Two 
additional wires were multipled to each station, one for common ringing 
battery and the other for common ground return. The system was 
claimed to be good for any number of stations, but 12 appeared to be the 
usual limit. 

Each station had a plug connected to the telephone set. The plug could 
be inserted into any one of a circular array of jacks, each of which was 
connected to one of the other station's line wires. Each of these jacks, or 
plug sockets as they were called, also had a separate spring which could 
be pressed to connect the ringing battery to the desired line in order to 
ring the associated station. The manufacturer's directions to the users 
stated: "If you want to call another party, you take the plug that hangs at 
the right-hand side and insert it in the socket of the number you want, 
and then push the spring of the same socket, which will ring the bell of 
the party wanted. Before pushing the spring, however, it will be well for 
you to listen in your telephone to learn whether that party is using his 
telephone or not." At the end of the call, the plug was removed from its 
jack and the receiver returned to the switchhook. 

An interesting feature of this system was a consulting arrangement 
which is still a highly stressed attribute of modem systems. The 
directions covering this arrangement stated: "Sometimes two persons 
may be talking and you may want to consult a third who is in some other 
part of the building. They can call him up and the three can talk 
together." It was claimed that the system could be connected to the city 
exchange if one of its instruments was in the building, "so that either of 
the rooms could be connected with one of the city subscribers, or a city 
subscriber could call and talk to one of the telephones in the building." 

This 1887 arrangement probably did not exist very long. As noted in 
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Fig. 6 -92. Western Electric telephone system for large buildings (1887), simplified 
schematic. 



Fig. 6-93. Western Electric system for large buildings, telephone station set. (From 
Western Electrician , July 2, 1887) 



666 



Fig. 6-95. Large PBX switchboard at the H. B. 
Claflin Company, New York City. (From Electrical 
Engineer , November 25, 1897) 
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Fig. 6 -96. PBX switchboard for ten or less tele- 
phones. (From Electrical Engineer, November 25, 
1897) 


consistent with the emphasis in the central-exchange area, but toward 
the end of the decade there began some investigation of the possibilities 
of dial operation. 

In July 1902, AT&TCo announced its first standard PBX. Known later as 
the No. 1 PBX, this cord switchboard also had the distinction of being 
described in Bulletin No. 1, the first to be issued by the recently formed 
Engineering Department of AT&TCo. 

The No. 1 PBX switchboard was made in two standard sizes: one for 
customers having up to 30 station lines, the other for use with up to 80 
station lines. Both sizes had a capacity of ten trunks to the central office 
and ten cord circuits. 

Because of rapid improvements in the art, the No. 1 PBX remained the 
standard for just a few years, being followed during the next 25 years by a 
number of boards that reflected changes in technology and customer 
requirements. While we cannot cover all of these boards in detail, it 
perhaps will be of interest to examine the features of their antecedent, the 
first standard PBX of 1902. 

The No. 1 PBX was designed to work with standard station sets as they 
prevailed at the time. Station lines were terminated in cutoff jacks which, 
when a plug was inserted, disassociated an electromechanical line signal 
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from the talking circuit. 168 Electromechanical signals also were associated 
with the trunk jacks and with the cord circuits. The trunk signal was 
permanently bridged so that the central- office operator could always call 
the PBX operator. 

So-called "universal” cord circuits were employed that could be used 
for either station-to-station calls or station-to-trunk calls. The distinction 
between the circuitry involved in the two types of calls lay in the source of 
talking battery — the cord itself when connecting station-to-station, and 
the central office when connecting the station to the trunk. In the latter 
case, the station was on the same transmission and signaling basis as 
main stations with respect to the central office. The electrical state of the 
trunk sleeve caused the cord to determine which battery feed should be 
used. A signal associated with the cord circuit provided called-party 
supervision to the PBX operator on station-to-station calls and station 
supervision on trunk calls. Listening keys in each cord circuit permitted 
the PBX attendant to associate her telephone set with any cord. Ringing 
keys permitted ringing on either end of the cord; alternating current for 
ringing could be supplied by a hand generator or from the central 
office. DC power for the PBX was supplied from the central office, 
and a technique was developed for engineering the number of cable pairs 
required to furnish adequate current as a function of conductor gauge, 
distance to the central office (up to 10,000 feet), and number of 
simultaneous cord-circuit connections. A simplified schematic of the 
PBX is shown on Fig. 6-97. 

Very soon it was recognized that there was a need for standardizing an 
economical PBX for situations where the traffic was not enough to justify 
a full-time operator. Accordingly, the No. 2 PBX was announced by 
AT&TCo in October 1903. It, too, warrants detailed description since it 
incorporated new principles, some of which have had a long life. 

This PBX, unlike the No. 1, did not use cords for making connections at 
a central switchboard. Instead, it used keys, mounted on a wall or desk 
near each station, which could select any other station or make 
connection to one of the trunks to the central office. As such, the PBX was 
the forerunner of our present key telephone systems, which today have 
the selection keys built into the telephone set. 

The Engineering Bulletin covering the No. 2 PBX pointed out that poor 
service often resulted on small cord-type switchboards because of lack of 
attention on the part of an attendant who also had other duties. The 
Bulletin continued by stating that: 

Private branch exchange No. 2 furnishes a system of intercommunication 
whereby a subscriber at any station may call any other station of the branch 

168 Several types of electromechanical signals, sometimes called "drops," are described in 
Section 3.4.3. Lamp signals were not used in PBXs until about 1904. 
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exchange without the assistance of an operator. Facilities can be provided for 
central office connections with either common battery or magneto 
switchboards. In such cases no private branch exchange operator is needed 
for out-going calls from the private branch exchange, but for incoming calls 
from the central office, services of an attendant or clerk at one of the private 
branch exchange stations, arranged as a receiving station, will be required to 
distribute such calls to the proper stations. There is no delay from slow 
disconnections at the private branch exchange, the supervisory signal at the 
central exchange being under control of the private branch exchange 
subscriber who is talking. 

One implementation of the No. 2 PBX is shown in Fig. 6-98 and a 
simplified schematic of the system is shown in Fig. 6-99. (In the latter 
figure, each of the horizontal and vertical buses represents a pair of 
wires.) The functions of the system were basically as follows: To make an 
intercom call, station 3, for example, would call station 1 by depressing 
key SI (which locked into the connect position) and operating the ringing 
key. This rang the bell at station 1, who answered by depressing the 
answer key. When the person at station 1 took the receiver off the 
switchhook, the bell was disconnected. Other stations could intercom- 
municate in a similar manner. Any station could make an outgoing trunk 
call by going offhook and depressing a trunk key. An incoming trunk call 
was brought to the attention of one of the stations, who acted as an 
attendant, by ringers (not shown) associated with the trunks. The 
attendant would answer the call by depressing the trunk key, and then 
would determine the station desired and signal it; that station then 
would connect to the trunk designated by the attendant. 

It will be noticed that this PBX resembled the Western Electric system 
of 1887 (shown in Figs. 6-92 and 6-93) not only in the use of station 
switching but also in the signaling plan. Although the earlier system was 
a 1-wire transmission system, whereas the No. 2 PBX was 2-wire, the 
intrastation signaling in each system was accomplished with direct 
current over one of the wires to operate a vibrating dc bell. Connection 
from one station to another was made in the Western Electric system by 
inserting a station plug into a jack (connected to the other station's line) at 
the originating station; the No. 2 PBX accomplished this by depressing a 
locking key that made similar connection. 

The type of switching matrix used in the No. 2 PBX usually is attractive 
when the number of interconnected lines is small but it becomes 
cumbersome from the standpoint of wiring and key arrays and also 
becomes uneconomical as the switching complex becomes larger. This 
occurs because, in the extreme case where all stations have full access to 
each other, the number of key switching points is the square of the 
number of stations, whereas with simple cord-switchboards the number 
of jack switching points is equal to the number of stations. The 
cord- switchboard advantage is diminished, of course, by the expense of 
the operator and the limiting effect of the switching links (cord circuits). 
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Fig. 6-98. A No. 2 PBX station equipped with a No. 472A key assembly mounted 
on the wall and a No. 20CN deskset on the table. 
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Fig. 6 -99. No. 2 PBX, simplified schematic. 
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By 1904, the Bell System was stressing the importance of integrating 
PBX service with the System as a whole. In this year AT&TCo, through 
Engineering Bulletin No. 11, outlined to the Associated Telephone 
Companies practices which AT&TCo felt should be observed at the 
central office and at the private branch exchange in order to secure 
satisfactory operation of the PBX. The parent company pointed out: 
"Poor private branch exchange operating has a detrimental effect upon 
exchange service as a whole. For this reason it is absolutely necessary that 
the Telephone Company should maintain a general supervision over all 
private branch exchanges. Much improvement can be accomplished in 
private branch exchange operating if the Telephone Company will 
encourage private branch exchange subscribers to apply to it for 
experienced operators for the more important private branch exchanges, 
or better in some cases, to hand over to it the entire charge of the 
operating of such exchanges. The Telephone Company could give careful 
instruction in operating methods to such inexperienced persons as may 
be put in charge of private branch exchange switchboards." The Bulletin 
then proceeded to describe the purpose and advantages of PBXs in 
essentially the same terms that we see them described today, and as 
already outlined in the introduction to this section of our history. It also 
pointed out the desirability of avoiding apparent advantages which were 
really pitfalls: "One of the principal advantages the private branch 
exchange system offers to the businessman is that feature of operating 
which permits the subscriber to give a call to his private branch exchange 
operator and then to hang up the receiver until the called subscriber is at 
his instrument ready to talk. This feature, however, interferes most 
seriously with the character of the telephone service as a whole. If an 
operator is obliged to handle many calls of this kind, it is impossible for 
her always to remain on a connection until the called subscriber answers, 
and in consequence that subscriber, upon answering his call, will find no 
one on the line to speak to him. Such a system of operating can lead to 
confusion when an attempt is made to establish telephone connection 
between two subscribers, neither of whom will have come to the 
telephone until the other party is on the line. Such a system of operating 
is to be strongly advised against by the Telephone Company." Ap- 
parently, some of our less-desirable telephone customs are of long 
standing. 

Outlining some positive actions which should be taken to ensure good 
coordination between the PBX and the central office, AT&TCo said: "At 
the central office the auxiliary trunks to the private branch exchange 
should terminate in consecutive jacks . . . when the private branch 
exchange is one of considerable size, some economy can be effected by 
providing separate trunks for incoming and outgoing calls . . . the 
method of night service which has proven the most satisfactory in 
practice is to connect to the trunk lines those stations at which it is 
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desired to receive or originate calls during such hours.” Operating 
objectives such as indicated above helped to stimulate technological 
advances in the early years and for that matter many of the objectives are 
still valid today and continue to stimulate the art. 

In the same year, 1904, a new cord-type switchboard was developed 
and standardized to replace the No. 1 PBX. The new PBX was known as 
the No. 4 169 (a No. 3 PBX had been designed in the meantime to meet the 
special traffic requirements of hotels and similar large installations). The 
general appearance of the No. 4 switchboard is shown in Fig. 6-100. 

Taking advantage of device and circuit improvements made in the 
general switchboard art, the No. 4 board provided lamp signals on 
extension lines, trunks, and cords. These signals replaced the elec- 
tromechanical devices used on the No. 1 board. Signals, which 

169 Some PBX historians have stated that the No. 4 was the first standard PBX. This 
impression possibly was gained because the No. 1 was quite short-lived, particularly when 
compared with the longer life of the No. 4, and quite probably had very little publicity 
beyond the early engineering bulletins issued by AT&TCo. 



Fig. 6-100. No. 4 PBX switchboard (30 lines). 



TRUNK CIRCUIT 


Fig. 6-101. No. 4 PBX circuits. 
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separately indicated the supervisory status at each end of the cord, 
replaced the single signal of the No. 1 cord, thus providing more position 
supervision. In addition, the transmission circuit was improved to 
provide a higher degree of transmission efficiency. By this time, PBX 
circuitry, following that of local-exchange boards, had become some- 
what complex, largely as the result of simplifying operating procedures. 
For the reader who is interested in the circuitry employed. Fig. 6-101 
shows some simplified schematics. 

After the introduction of the No. 4 PBX, a number of changes were 
made in its circuits and equipment to keep it up-to-date with other 
branches of the art, and its capabilities were increased so that it could 
cover efficiently a wide range of customer sizes . By the end of the decade, 
a line of PBX switchboards was being manufactured by the Western 
Electric Company which provided capacities from 30 to 1,500 extension 
lines. These boards were grouped into two types. One was a 
single-position (non-multiple) type for situations where the traffic could 
be handled adequately by one operator. This board was engineered for 
30, 80, or 320 extension lines. A second type, which provided for 
multipling the circuits before more than one operator (the multipling 
technique being adapted from the general switchboard art), took care of 
situations where more than one operator was required to handle the 
traffic. Two versions of the multiple board were made available, one with 
a capacity for 640 lines and the other with a capacity for 1,500 lines; these 
are illustrated in Figs. 6-102 and 6-103. The resemblance to a small 
exchange switchboard is obvious. 

For much the same reason as the No. 1 PBX was supplemented by the 
No. 2, the initial No. 4 cord switchboards were supplemented by a PBX 
switching arrangement designed to meet the needs of customers having 
very few lines and whose traffic was insufficient to justify a full-time 
operator. This was a key-controlled switching system that did not 
require plugs and jacks. Unlike the No. 2 PBX, it did not employ switch- 
ing at the stations but was a true centralized switching arrangement with 
all of the equipment contained in a small cabinet. The cabinet could be 
mounted on a desk at which the attendant could do other work as well as 
perform the minimal switching functions. This PBX, a photograph of 
which is shown in Fig. 6-104, was introduced in 1907. Called the No. 505, 
it was the prototype for a succession of cordless PBXs, which with 
improvements were manufactured until the mid-sixties. 170 Indeed, the 
objective of cordless switching control was carried over to the auxiliary 

170 Lest the reader feel that suddenly a whole host of PBXs between the No. 4 and the No. 
505 have slipped into technical oblivion, we hasten to point out that a three-digit 
identification system beginning with the 505 was the start of a systematic numbering plan 
which would help to keep track of the PBX genealogy for generations to come. The chart 
shown on Fig. 6-114 outlines this plan. 



Fig. 6-102. No. 4 PBX switchboard (640 lines). (From WECo Bulletin No. 1018) 


Fig. 6-103. No. 4 PBX switchboard (1,500 lines). This eight-position multiple board, 
installed in the Boston City Hall Annex, had 80 trunks to the central office. (From 
WECo Bulletin No. 1018) 
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control of small dial switching PBXs and persists to this day in trim, 
exotic desk-top "consoles" associated with modem electronic systems. 

The No. 505 PBX was designed to serve up to seven stations and three 
trunks to the central office. As a "first" of the cordless type, it seems 
worthy of some detailed description. As shown in the switching plan. 
Fig. 6-105, all connections between stations or between stations and 
trunks were made by the attendant via links which served much the same 
purpose as cord circuits. The attendant connected a station to a link by 
operating a key, and then with another key connected the same link to 
another station or trunk. Although this was a key system like the No. 2 
PBX, the use of a centralized link-switching arrangement controlled by an 
attendant reduced the number of switching points in the No. 505 PBX to 
the product of links and stations (plus trunks) as contrasted to the larger 
number of switching points required by the more or less stations- 
squared array of the No. 2 system. 

The family of No. 4 PBX cord switchboards, and the No. 505 cordless 
switchboard just described, set a lasting pattern for efficiently and 
economically handling the traffic of small, intermediate, and large 
customer groups. The No. 4 PBX and the original version of the No. 505 
remained the standard until 1916 but basic technical approaches and the 
size pattern prevailed, with some modifications, well beyond that year. 
Naturally, many of these boards remained in service long after 1916 
since, as with other telephone equipment, newly standardized designs 
represented merely a change in manufacture and were compatible with 
earlier designs, which remained in plant for their useful life. 

6.3 Completing the First Half-Century 

By 1910, the basic concepts underlying PBX service had solidified, and 
a line of manual systems had been developed that met the needs of the 
time, ranging from the small cordless board with a maximum of seven 
extension lines up to multiposition cord-type boards handling up to 
1,500 lines. 

The principal development work remaining for the next 15 to 20 years 
was concerned with improving and extending the capacity of manual 
boards through the application of evolving technology, adapting manual 
boards for use with the dial exchange system then being introduced, and 
finally applying automation to the PBX itself. This work is covered in 
the following sections, which carry this history a few years beyond our 
nominal objective of 1925 to describe developments actually under way 
as the first 50 years of telephony ended. 

6.3.1 Manual Systems 

Replacement of the No. 4 PBX, which had been the mainstay for a 
dozen years, was begun about 1915 with code series No. 550. These 
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Fig. 6-105. No. 505 PBX switching plan. 


Fig. 6-104. No. 505B PBX switchboard. This cordless board, installed in the Boston 
offices of Ferguson, Loud and Ferguson, had seven station lines and three trunks to 
the central office. 
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Fig. 6-106. Typical 550-type PBX switchboard of 1916. (Abbott 1968, p. 10) 

boards were similar functionally to the non-multiple versions of the No. 
4 board but improved in construction and appearance. A typical 
code-550 board is shown in Fig. 6-106. The complete code-550 series 
consisted of the following: 
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Code No. 

Introduced About 

Size and Features 

550A 

1915 

30 and 80 lines 

550B 

1916 

30, 80, 320 lines 

550C 

1920 

30, 80, 320 lines. Adapted for use with 
dial offices (attendant and station 
dialing) 

551A&B 

1927 

40, 80, 320 lines. Replaced the manu- 
facture of the 550 boards with im- 
proved equipment arrangements 


The No. 505, seven-line cordless board also was improved in 1916 and 
adapted for use with dial offices about 1920, receiving the codes 505B and 
505C respectively. In 1928, the manufacture of the 505 board was 
supplanted by the 506A and 506B for 7 and 12 lines respectively. The 
circuit and operating features were essentially the same as the 505C but 
incorporated improved equipment arrangements. 

The No. 4 board continued to be used for installations of over 320 lines 
until 1922 when the 600C board was introduced for installations up to 640 
lines. This switchboard was more economical than the No. 4 due to 
substantial reductions in power made possible by the design of more 
efficient circuits and the use of new, more sensitive B- and E-type relays. 
It was the first of a new family of boards in the 600-code series. Since it 
was apparent by 1922 that dial exchange offices would soon be used 
widely, PBX boards designed at this time and subsequently were 
designed to work with both manual and dial central offices. In the latter 
case, the board was designed so that those stations that were equipped 
with dials could dial their central- office numbers through the cord- 
circuit connections established by the attendant (through-dialing). The 
board also was designed so that the release of the central-office 
connection on outward calls could be controlled optionally by the 
originating station (through-supervision) or by the attendant 
(nonthrough-supervision). Both the through-dialing and the through- 
supervision features were intended to reduce the work of the attendant 
(they also speeded up the service and reduced unproductive central- 
office holding time) but required that the customer relieve the attendant 
of the responsibility of supervising these calls. 

The complete line of multiple boards in the code-600 series, developed 
in the 1920s, is described briefly below: 

Code No. Introduced About Maximum Size and Features 

1922 
1925 


600C 

604C 


640 lines 
2,000 lines 



680 


Engineering and Science in the Bell System 


605A 1928 Replaced the manufacture of all 600C, 

and 604 boards in sizes up to 1,500 
lines 

606A 1929 5,000 lines — used small (No. 92) jacks 

A 600C board is illustrated in Fig. 6-107 and its successor the 605A in 
Fig. 6-108. This latter board provided a wide field of use with a single 
type of switchboard since it could be provided with any number of 
positions required to meet service requirements up to a maximum of 
1,500 lines, thus accomplishing economies in manufacture, stocking, 
installation, operation, and maintenance. With the completion of the 
5,000-line 606A board the requirements of practically all customers were 
met by a family of PBXs starting with sizes as small as seven lines. 171 

Superficially, there may seem to be a lack of order in the plan followed 
in PBX development. The No. 4 board was a rather successful attempt at 
providing a "universal" board meeting maximum requirements of 30, 
80, 320, 640, or 1,500 lines. This was followed by a seemingly piecemeal 
attack resulting in boards covering only a limited range of sizes and 
mostly of small capacities. However, there were good reasons for this 
approach stemming from a combination of factors. First, the PBX had to 
be designed for installation and maintenance on a customer's premises 
with installation completed as rapidly as possible and with minimum 
interference with the customer environment. Further, the PBX equip- 
ment had to be flexible enough to accommodate frequent moves in and 
out of a customer's premises — particularly with the small and 
intermediate sizes. These restrictive requirements favored the tailoring 
of the PBX to particular size limits in order to make the equipment as 
economical as possible. Why then was not a family of switchboards 
developed all at once to meet each segment of requirements? The answer 
here probably lies in the need to place priority on high-demand areas 
which required the small- and intermediate-size PBXs. For example, 
during the period 1910 to 1926 more than 100,000 PBXs were 
manufactured by the Western Electric Company. Of these, 87 percent 
were about equally divided between the No. 505 (capacity of seven 
station lines) and the No. 550 (capacity limits of 30, 80, or 320 lines), 9 
percent were No. 2 and No. 4 types under 300-line size, and only 4 
percent of the demand was for the larger PBXs of the types developed in 
the 1920s. It was essential, of course, to develop these large PBXs, even 
though they were statistically few, because of the importance of this field 
and the large revenues involved; but the pressure of high demand 
emphasized the need for maintaining high manufacturing efficiency by 
frequently up-dating the smaller systems. 

171 Occasions could arise where a 5,000-line capacity was not adequate. These would be 
few and would often involve special requirements so that a custom design was a logical 
solution in such cases. 





Fig. 6-107. A six-position No. 600C PBX switchboard, equipped with 480 station lines 
and 40 trunks, installed in Copley Plaza Hotel, Boston. 



Fig. 6-108. No. 605A PBX switchboard in American Women's Clubhouse, New York 
City. (R. W. Harper, Bell Laboratories Record 1929, Fig. 1) 
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6.3.2 Automatic Systems 

Since PBX systems were based very largely on the same technology as 
exchange systems, it is only natural that automation also should be 
considered at an early date. For example, the 1904 "Queens System" 
described in Section 4.1 was used as an intercommunication or PBX 
system at several locations including Dartmouth College and the U.S. 
Artillery School. While customer reaction was good initially, these 
systems apparently could not show significant benefits and their life as 
PBXs was short. 

During the next dozen years after the Queens System trial, the major 
applications of automation to Bell System PBXs were as trials of 
technology being developed for exchange plant switching, commercial 
service during this period being furnished by manual boards. 

As related in Section 4.3.3, the common-control systems being 
developed by Bell were put on trial in the Western Electric PBX at 463 
West Street in New York City (later the home of Bell Telephone 
Laboratories). Initially, this installation used rotary switches, and it was 
placed in service on November 29, 1910. This was primarily a laboratory 
experiment, but since it involved bonafide service and the gathering of 
customer reaction data as well as technical data, it could also be thought 
of as a PBX "first." 

In the West Street rotary trial, about 400 extension telephones in the 
Engineering Department were served on a semimechanical basis; that is, 
calls placed by the stations were answered at a switchboard, whereupon 
the operator advanced the calls, either to another station or over a trunk 
to a central -office operator, through the sender and selector-controlled 
switching mechanism. Incoming calls from outside were also answered 
at a switchboard (made necessary because these calls were all from 
manual offices), whereupon the inward operator advanced the call to the 
desired station via the automatic mechanism. In September 1912, 
panel-type switches were added to this trial to provide more facilities 
and to make a practical trial of the new equipment which by that time 
appeared to be economically more favorable than rotary switches. In this 
addition, all calls from one position were handled by panel-type 
equipment consisting of district, office, incoming, and final selectors. In 
order to provide a direct comparison of the systems, both rotary and 
panel connectors had access to the same 100 lines. It was estimated that 
the rotary equipment handled 7,000 calls per day and the smaller amount 
of panel equipment 2,000 calls per day. 

During this trial, the design of the apparatus was carefully studied to 
detect defects, and modifications were made to insure improved 
operation and provide measures to compensate for variations in 
manufacture and to facilitate maintenance. The satisfactory results of the 
PBX trial, together with the results of economic studies, solidified the 
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preliminary plans to proceed with large-scale central- office field trials of 
the panel system on a semimechanical basis. It had little effect on the 
automation of the PBX system since the panel system was designed to 
meet the complex problems of metropolitan areas, whereas the much 
simpler requirements of the PBX could be met with systems no more 
complicated than those required for a small town. Such systems using the 
step-by-step (S x S) switch were available by 1915 but prudence dictated 
one more try at developing a more efficient switch, particularly for use 
with large PBXs. Accordingly, in 1915, development was resumed on a 
hybrid S x S-panel system that had been started in 1913 for central offices 
but subsequently discontinued. 

The objective of the S x S-panel system was to provide a switching 
multiple as efficient as the panel bank, but without the power-driven 
controls of the panel system. The mechanism consisted of a vertical rod 
with ten brushes located at different points on the rod in a spiral 
relationship and mounted in front of a panel-type bank consisting of ten 
groups of contacts with ten sets of contacts in each group. A brush was 
located opposite each group of bank contacts. Any one of the ten groups 
of bank contacts was selected by rotating the rod through the proper 
angle to place a brush in contact with the proper bank and then the 
particular set of bank contacts was selected by vertical movement of the 
rod. In November 1916, a PBX embodying these mechanisms was cut 
over at 463 West Street. After operating successfully, it was removed in 
1917 and reinstalled to serve the Post Office Department in Washington, 
D.C. It remained in service there until mid-1934. Another system was 
installed at the Hotel Commodore in New York City in 1919, where it was 
used until 1929. No further applications of the system were made since, 
while the term of service indicated this system was technically 
satisfactory, the cost could not be justified. 

As this work was going on, the advantages of dial operation, 
particularly for large PBXs, became increasingly apparent because of 
rising labor costs and the increased speed and privacy of intercom 
service. In 1916, some privately owned SxS dial intercom systems, 
whose customers wished to coordinate them with Bell System central 
offices, were purchased by the telephone companies and development 
work was carried on to arrange these systems to operate satisfactorily 
with the Bell System plant. 

By the middle of the following year, ideas on the mechanization of all 
forms of switching had solidified and were covered in a letter of July 24 
from Bancroft Gherardi to J. J. Carty who was then Chief Engineer of 
AT&TCo. The recommendations for exchange switching in cities of 
various size already have been covered in Section 4.3.3. The plan for 
PBXs covered the use of a semimechanical arrangement which is of 
particular interest since it established the operating plan that persisted 
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for many years. This plan was: “Local calls, that is, calls within a private 
branch exchange, are completed automatically. Calls to the central office 
are made by connecting with a trunk from the PBX to the central office by 
means of a single movement of the dial, 172 the calling party then giving 
his call directly to the central office operator; or else any extension may 
call the attendant by one movement of the dial 173 and have the attendant 
make the outgoing call as at present. As an alternative, any extension 
station may be connected to a line lamp on the PBX and make all calls as at 
present on manual PBXs. Incoming calls will be received by the attendant 
at the PBX and distributed by her." In forwarding the recommendation 
to top management, Carty added these points, which illustrate some of 
the thinking of the day: “It is thought that most of the private branch 
exchanges will be better served by manual switchboards, but wherever 
all of the conditions indicate a mechanical system, we will be prepared to 
provide one. The most favorable conditions for the mechanical PBX are 
found where a 24-hour service is given, where much of it is within the 
PBX itself and where the PBX is relatively large." Quite obviously, these 
conditions were the most favorable since they permitted the largest 
operating savings with which to offset the dial equipment cost. Only 
small operating savings were realized on traffic external to the PBX since, 
at the time, most of these calls required the use of an attendant. 

As noted previously. Western Electric obtained patent rights to the 
S x S switching system in 1916 and placed their first order for a small-city 
exchange system in 1917. In this same year. Bell also adopted the S x S 
equipment for PBXs. As with exchange systems, the first equipment was 
obtained from the Automatic Electric Company under Western Electric 
specification. Early installations were for the DL&W Railroad at 
Hoboken, New Jersey, the Emergency Fleet Corporation in Philadelphia, 
and the War Department in Washington, D.C.; these probably were 
stimulated by the increasing communication needs of the country as it 
became involved in World War I. 

The step-by-step PBXs followed more or less conventional lines. Calls 
originated by stations were detected by line switches, and selectors 
routed these calls to the switchboard on the first pull of the dial if it were 
an outgoing central-office call. Station-to-station calls were routed via 
selectors and connectors to the stations. Incoming calls were answered at 
the switchboard and the attendant completed the call directly to station 
jacks appearing in the switchboard. 

During the start-up period of mechanizing PBXs ‘in the Bell System 
several versions of the step-by-step system were included in the “700“ 


172 The numeral 9 was adopted and is still used in most PBX services to obtain an outward 
connection to the exchange plant. 

173 The numeral 0 (Operator) was adopted for this purpose. 
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series of codes. These systems bore various subcodes to designate the 
special purposes for which they were employed. However, they used 
practically the same fundamental technology, with some alterations in 
the basic switching plan. A recitation of their characteristics will be of 
little interest except possibly to note that the 700A code was applied to the 
previously mentioned private systems that were taken over by Bell and 
adapted to PBX service in 1916, the 700B utilized the 550B switchboard as 
an attendant's position, the 710A was used in 1918 for several railroad 
installations that did not connect to central offices, and the 720A was for 
the use of railroads requiring long ringdown toll lines. 

Thus, during the second decade of the twentieth century the first steps 
toward PBX automation had been taken but this service was still 
supplied preponderantly by manual systems. However, customer 
interest had been aroused in dial PBXs and the next ten years would 
bring a complete line of standardized dial systems aimed at making this 
service more useful and economical over the entire range of customer 
sizes and to function expeditiously not only with the manual exchange 
plant but with the increasing number of machine offices. 

The mounting customer interest in dial PBX service was stimulated by 
the growing awareness of the properties of dial systems: the improved 
speed, accuracy, and availability of intercom calling among the PBX 
customer's employees and also the expansion of outward dialing 
capability as dial central offices became more numerous. Thus, with dial 
PBX operation, the PBX attendant was not only dispensed with on 
intercom calls but it was also possible to bypass her on calls to other 
customers outside the PBX reached through the dial central office. But the 
case was not all one-sided. First, the increased cost of the dial equipment 
and its installation required higher rates to be paid by the customer. As 
far as he was concerned this had to be offset by savings in PBX attendant 
costs (the customer paid these) and by the service and intangible 
advantages of dial service. Second, the PBX attendant was necessary for 
distributing calls from outside to the PBX station; her knowledge and 
judgment of what organizations or people should be connected to the 
inward call was considered a cardinal PBX asset. Indeed, some people felt 
that this was valuable even on internal calls. Finally, the PBX customer 
was not always willing to give all of his station users unrestricted access 
to the central office. To the extent that this unwillingness prevailed, the 
outward dial advantage was diminished until systems were developed 
which permitted the automatic application of calling restrictions at the 
customer's option. Under the scheme ultimately developed, some 
stations could be given free access to the central office, whereas 
attempted outward calls from restricted stations would be diverted to the 
attendant who would then handle them in accordance with the 
customer's company policy. For example, she could keep track of the 
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charges, and had the options of denying or forwarding the call. To meet 
these requirements the PBX had to be designed so that the attendant 
could dial the call for the station user, or alternatively he could dial 
through her cord connection, a feature known as "through dialing." 

With these broad objectives in view, the first standard dial PBX 
system, the No. 700C, was developed about 1922. It used step-by-step 
selectors and connectors together with plunger-type line switches 
similar to those used in central-office systems at the time. It was the first 
Bell System standard dial PBX arranged to operate with manual and dial 
central offices, and it replaced the 700A used in the latter part of the 
previous decade, which interfaced with manual offices only. 

Similar to the 700A, the 700C PBX served intercommunicating calls 
between stations by means of step-by-step switches. It also permitted 
establishing outgoing calls to the central office either by dialing the 
central office directly or by dialing the PBX attendant and having her 
establish the connection. In the latter case, calls could be dialed by the 
attendant or she could operate a "through-dialing" key and the call could 
then be dialed from the station. All incoming local and toll calls from the 
central office and all outgoing toll calls were handled by the attendant. 
Outgoing calls to other PBXs reached over tie lines could be established 
either through the step-by-step switches without the aid of an attendant 
at the originating point or they could be routed via the switches to the 
attendant who then would complete them with her cord equipment via 
the tie line. The manual switchboard associated with this system had j ack 
appearances for the extension lines, tie lines, and PBX trunks to the 
central office. The attendant used her cord circuits for interconnecting the 
jacks as required by the appropriate procedure for handling the call. The 
attendant's switchboard was a modification of the 550-type PBX for 
installations less than 300 lines and of the 600-type PBX for larger 
installations up to 1,000 lines. 

The switches of the 700C could be engineered for two-digit, 
three-digit, or combined three- and four-digit operations in accordance 
with the number of digits needed to identify the station on 
intercommunicating calls. This permitted the system to serve small 
customers (under 80 lines) or customers with up to 1,000 lines or more, 
with a flexible array of switches. A number of features which today are 
considered desirable also were provided with this system in the year 
1922 — hunting, night service, restricted service, intercept on vacant 
connector terminals, machine ringing, and conference and code calling. 
Dial-repeating tie lines (which permitted stations to directly dial stations 
in distant PBXs) were under development when this PBX was first 
introduced. According to one authority, the first two 700C PBXs were 
installed for the Ford Motor Company in Detroit and in Windsor, 
Canada, and were connected together with tie lines. Approximately 100 
of these PBXs were manufactured. 
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After obtaining experience with the 700C, the development of an 
improved step-by-step system was started in 1926. In 1929 this system, 
coded the 701 A, superseded the 700C. It used the same basic traffic plan 
as the 7 00C but had a capacity for 3,200 station lines. Line finders of the 
200-point type replaced the plunger-type line switches of the 700C and 
the system contained improved switches and equipment arrangements 
which reduced installation effort and facilitated stocking of the 
equipment by the Western Electric Company, factors which in turn 
reduced the overall time between customer service request and actual 
service. The 605A switchboard, previously described as a manual-only 
switchboard, was adapted to function with the 701 A, broadening its field 
of use. 

This system remained as a standard step-by-step PBX for 30 years and 
continued thereafter, with equipment improvements, as the 701B until 
the present day. 

At about the time the 700C became the first standard Bell System dial 
PBX, a method of operation known today as “Main- Satellite" was being 
evolved for the Bell System. This type of operation was desirable, and 
still is, for those customers who have two or more locations, such as a 
general office location and a remote plant, each of which may "home" on 
a different central office. Under these conditions, the customer may wish 
the two units to function as an integrated PBX. In those cases where it is 
not economical to wire all of the station lines to a single switching 
system, a separate switching system is provided at each location and 
these systems are connected together by tie lines. Intercom calling 
between locations was dialed directly by the stations over the tie lines 
(after dial- repeating tie lines became available) and outgoing traffic was 
completed generally by direct dialing to the associated central office. The 
principal technical difference in Main-Satellite operation arises from the 
handling of inward traffic from the central office. With this type of 
operation, only the main location receives inward central- office calls; the 
attendants at this location distribute them either to stations homing on 
the main, or via low-loss tie lines to stations on the satellite. For this 
purpose and other reasons the 710C was developed for use as a satellite, 
replacing the previous 710A and 730A which had served manual 
central- office areas only. Later, at the time the 701A was standardized to 
replace the 700C, the 711A replaced the 710C and used the same 
technology as the 701A, i.e., line finders instead of line switches and 
improved selector and connector switches. Like the 701A, the 711A 
remained the standard for many years thereafter. 

Although the 7 00C and 701A step-by-step PBXs were technically 
capable of serving customers of all sizes, they were not economically 
attractive for small installations because the saving in attendant costs 
could not pay for the higher equipment costs relative to a manual PBX. 
Since an attendant was required to handle inward calls on a dial PBX and 
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a full-time attendant could take care of a manual PBX with about 100 
lines, the greatest operating saving to be expected with a small 
dial system was the part-time effort of a single attendant. The service 
advantages of dial operation still remained, of course. 

Therefore, development work was started to provide small dial 
systems that would be more competitive with manual systems than 
would result from a trimmed-down 700C or 701A. Two systems were the 
initial result — the 740A, a small system which permitted partial 
attendant savings, and the 750 A, a very small system requiring no special 
attendant at all. 

The development of the 740A, started in 1924, was completed in 1926. 
Its target was the customer size defined by two-digit intercom dialing. 
Numerically, two decimal digits consisting of a tens and units digit 
would provide for 100 numbers, but the capacity of the 740A was a little 
less — 88 stations in fact — because it was necessary to set aside numbers 
to reach the central office and the attendant and for test purposes. 
Consisting of conventional step-by-step switches, with 100-point line 
finders and combination selector-connectors, the 740A design resulted in 
lower cost per line because, by restricting its range, a more or less 
pre-engineered factory-wired switching frame as well as a simpler power 
plant could be produced. These features led to a system requiring less 
floor space and promoting rapid installation. 

The capabilities and service features of the 740A were largely the same 
as the 700C and 701A with the exception of the switching equipment for 
the attendant. This, a new dial PBX concept for the Bell System, was a 
cordless-type control cabinet similar in general appearance to earlier 
manual cordless switchboards. It was used instead of the conventional 
cord switchboard to distribute inward calls and to handle the occasional 
outward calls. The trunk circuits were terminated on keys and the 
attendant established connection to the station by dialing the extension 
number, thus obviating the need for extension-line jack appearances and 
cord circuits as was usually required at the conventional cord 
switchboard. The attendant's services were not needed for disconnect as 
the release of the PBX switches was controlled j ointly by the restoration of 
the switchhook at the called extension and disconnection at the central 
office. These features resulted in a system whereby the attendant could 
perform other duties, thus resulting in partial savings. The attendant 
cabinet used with the 740A is shown in Fig. 6-109. Some readers may be 
interested in the methods used for switching various types of calls at this 
stage in PBX development. For these, the routing plan of the 740A is 
shown in Fig. 6-110. 

The success of the 740A led to the development, in 1928, of two similar 
but smaller systems with a maximum capacity of 38 lines. Fifty-point line 
finders and 50-point selector-connectors were used in both systems 




Fig. 6-109. No. 740A PBX attendant cabinet. (Abbott 1968, p. 12) 
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which, together with improved equipment arrangements, decreased the 
cost per line for this size and also the floor space required. The first of 
these systems, the 740B, was engineered for the traffic requirements of 
business customers, while the second, the 740C, was engineered for the 
somewhat lesser traffic but more esthetic requirements of residence 
use. Toward this end, an attendant's cabinet was designed for the 740C 
that fitted into the decor of the times, as shown in Fig. 6-111. 

The final thrust toward the target was made with the development of 
the 750A — the smallest dial PBX produced up to that time. The system 
was designed for residence use, but also found application in small 
businesses. Made in two sizes, 15 lines and 8 lines maximum, the system 
solved the attendant problem by not requiring a specific attendant at all. 
To accomplish this, the system had several interesting innovations. 
Using relays only to accomplish switching, station telephones were 
equipped with an applique base containing five switching-control 
pushbuttons (a forerunner of key telephone sets) as shown in Fig. 
6-112. One of these buttons gave access to a dial intercom circuit through 



Fig. 6-111. No. 740C PBX attendant cabinet. (Abbott 1968, p. 12) 
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Fig. 6-112. No. 750A PBX station telephone. (R. W. Harper, Bell Laboratories Record 
1930, Fig. 1) 


which any station could dial any other (a rotary selector followed the 
pulsing and operated appropriate relays to connect the stations 
together). Other buttons on the telephone base provided direct access to 
central- office lines, over which calls could be originated or answered. In 
the latter case, a call answered by one station could be transferred to 
another station, if desired, simply by dialing that station through the 
intercom and asking the person to pick up the proper central- office line. 
The number of wires per station was minimized to six and the system 
contained several interesting features for signal identification, lockout 
and privacy, holding, restriction, and other functions. Equipment 
design innovations are shown in Fig. 6-113. 

The development of the small relay-type 750 PBX supplemented a 
flexible array of step-by-step dial PBXs. These, together with the manual 
PBXs mentioned earlier, provided at this time a complete line of 
manual and dial PBX systems, for all customer sizes, which made 
efficient use of the technology of the day. 

6.4 Summary 

The private branch exchange mode of operation had its roots in the 
beginnings of telephony, and PBX technology was nurtured by the 
widespread research and development of other switching systems. 
Within the span of a half-century, PBX systems became an integral 
and substantial part of the overall Bell System service. By 1929, 
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Fig. 6-113. 
1930, Fig. 4) 


No. 750A PBX equipment cabinet. (R. W. Harper, Bell Laboratories Record 
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there existed 130,000 PBXs serving customers whose requirements 
ranged from less than seven station lines up to many thousands. 
The number of stations served by these PBXs was almost one- third of the 
main stations then in existence. While the trunks to these PBXs 
accounted for perhaps less than 10 percent of the total central-office line 
terminals, in some business districts such as the downtown New York 
City area, the PBX trunks comprised 75 percent of the line terminals. In 
some of the large cities the number of PBX attendants outnumbered the 
central- office operators; for example, in Manhattan there were 20,000 
PBX attendants compared to 9,500 central-office operators. 

In view of the vast extent of this service, it is not surprising that the 
PBX appeared at many times and in many forms during the technological 
evolution of the Bell System. It employed some of the earliest forms of 
manual and dial switching technology, and it was the vehicle for some of 
the fundamental exploratory work on rotary, panel, and Bell System 
step-by-step technology. 

After a little more than half a century the PBX position appeared as fol- 
lows: Firm operating procedures had evolved which were to continue to 
the present day. These included the operating interfaces between the 
attendant, central office, and stations; the coordination of the attendant 
procedures with dial PBXs; the methods of supervision and privacy; and, 
very importantly, the numbering plans. It is of interest that one of the 
most important influences on the technology of switching of all types has 
been the problem of numbering. In the PBX case, the isolation from the 
exchange numbering plans permitted by the "dial 9" procedure (adopted 
by the System in 1917) allowed complete freedom in numbering the 
stations of large and small PBXs and making provisions for special 
services. It also allowed freedom in the choice of technology. 

Further, the first half-century brought about the evolution of service 
features which have persisted to the present day — some in their original 
form, others modified or augmented as the technology advanced. Among 
these, perhaps those that permitted such operations as station hunting, 
call transfer, restrictions, night service, conferencing, and interconnec- 
tion of PBXs via tie lines might be considered fundamental. These served 
as a solid base for the more sophisticated features that were to come later. 

Finally, during the first 50 years, there occurred the hardware 
implementation of principles, procedures, and features that resulted in a 
full line of manual and dial systems covering customer requirements of 
all magnitudes. Figure 6-114 shows the genealogy of these PBX systems. 
The fundamentals of these systems remained, with improvements, for 
many years. Some remain to the present day; others yielded after a while 
to the powerful modem technology of common-control crossbar and 
solid-state switching. But all provided a firm technology upon which to 
build in the future. 
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Fig. 6-114. PBX genealogy (maximum number of station lines in parentheses). 


VII. CENTRAL-OFFICE POWER SYSTEMS 

Except for a few of the very first applications, power supplies for early 
telephone systems were widely dispersed. On each customer's premises, 
primary batteries supplied direct current for the telephone transmitter 
and a hand-cranked magneto furnished low-frequency alternating 
current for signaling and ringing (as described in Sections III and IV of 
Chapter 3). The central office also used primary batteries for the 
operator's telephone and a magneto generator for ringing. The latter was, 
in the early offices, either hand-cranked or operated by a foot treadle, as 
shown in Fig. 6-115. Later, various forms of vibrating interrupters or 
motor-driven alternating-current generators were used. An early form of 
vibrating interrupter from about 1900 is shown in Fig. 6-116. 174 

174 This particular device was a reversing switch which sent out alternately positive and 
negative pulses from a battery supply. Other vibrators supplied on-off pulses which were 
converted to alternating current by passing them through a transformer. 
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Fig. 6-117. Power plant in Montreal local-battery office, 1886. (From The Blue Bell, 
Bell Telephone Company of Canada magazine, February 1931) 


Even with local-battery systems, the need for central-office ringing and 
talking-battery power increased rapidly as the office became larger and 
some sizeable installations were required, as indicated by Fig. 6-117 
which shows the power plant in Montreal as of 1886. At the left is a lineup 
of motor-driven magnetos for ringing. Operator talking battery was 
furnished by the primary batteries at the right. These batteries, which 
generated electricity by chemical decomposition, were large and 
required frequent replacement of the active chemical elements as they 
were consumed by conversion to electrical energy. Serious maintenance 
and space problems arose as the offices grew in size and would have been 
greatly increased by the introduction of common-battery systems, which 
not only concentrated all power supply at the central office but also 
greatly enlarged the amount of power required for each operating line . 175 

Fortunately, a better alternative became available just as the need 

175 As related elsewhere, the central-office power problems associated with common- 
battery systems were more than offset by the system's many advantages, not the least of 
which was the elimination of battery maintenance at the widely dispersed customer 
locations. 
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became urgent. Commercial power generation for lighting and traction 
had been growing rapidly in the last quarter of the nineteenth century 
and could be used in the large cities, where it was commonly available, as 
the prime source of electric power for telephony. Commercial power 
could not be used directly since it did not have the reliability and other 
characteristics required for telephone applications but, after suitable 
conversion, it could be used in combination with secondary (storage) 
batteries to meet telephone needs while reducing battery size and 
eliminating the costly and messy replacement of the electrodes and 
electrolyte as required with primary batteries. 

The secondary battery, of which there were several types, also 
produced electricity by chemical action but the process was reversible 
and once a battery was partially depleted (discharged) it could be 
renewed (charged) by the simple process of applying a suitable source of 
electric power, hence the common name of “storage battery.” Thus this 
combination could meet telephone needs (as it still does today), the 
storage battery supplying the necessary continuity of service and 
commercial power renewing (or maintaining) the battery charge without 
replacement of battery elements. 

The lead-acid battery, which is the type commonly used for telephony, 
had been invented by Plante in 1859. However, it was not until the 1880s 
that it became commercially practical, largely as a result of European 
developments. The American power industry imported some of these 
improved batteries as a reserve lighting source and manufacture was 
started in this country in 1888. 

In the early nineties, these batteries were introduced into large 
local-battery telephone offices and were an essential part of all 
common-battery offices beginning with the early installations of 1893. 
The power plant of an 1893 local-battery office in Jersey City is shown in 
Fig. 6-118. The benchtop contained charging equipment and ringing 
generators and the storage batteries were placed below it; the control 
apparatus was mounted on the backboard. The much larger power plant 
required for a common-battery office is illustrated by Fig. 6-119 which 
pictures an 1896 installation at Worcester, Massachusetts. A reserve 
engine-driven generator also is part of this plant. 

The use of common-battery telephones required the development of 
not only large central-office power systems but also those having great 
reliability. With local-battery telephones, failure of customer power 
supply affected only a single station and complete failure seldom 
occurred since it was usually forewarned by a gradual deterioration of 
transmission as the battery voltage dropped with age. The power supply 
for the local-battery central office was not much of a problem either so 
long as it was based on primary cells. It usually consisted of a number of 
battery units, each of which furnished current to only a portion of the 




Fig. 6-118. Power plant with storage batteries, in Jersey City local-battery office, 1893. 





Fig. 6-119. Power plant in Worcester, Massachusetts, common-battery office, 1896. 
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office, and cells could be replaced a few at a time as they deteriorated. In 
large common-battery offices a reliable office supply was essential since 
failure would have catastrophic effects. The introduction of machine 
switching increased the amount of power required by the office and 
emphasized the need for reliable power since even short interruptions 
could have serious repercussions. Storage batteries charged by 
commercial power met the basic needs so long as prime power failures 
were of short duration but other measures were required to protect 
against interruptions lasting longer than the battery reserve capacity. 
Battery capacity was designed to carry the system power load anywhere 
from a few hours to several days depending on the size of the office, the 
reliability of the commercial system, and the charging procedure. 
Frequently, two commercial lines supplied from separate power stations 
were connected to an office for additional reliability but even this was 
often inadequate. More commonly, in very large cities where uneconom- 
ically large batteries would be required for extensive reserve periods, a 
generator powered by an internal-combustion engine was furnished to 
provide a local substitute for commercial power during an outage. The 
engines were often designed for normal use on illuminating gas with 
gasoline as an alternative. 

Safeguards also were provided when installing equipment for 
converting prime power to the various kinds used in the telephone 
system. Power-conversion units were supplied in numbers greater than 
required for a normal load so that enough of such equipment always was 
available when units were shut down for routine maintenance, or failed. 
A common arrangement in large offices was to furnish three units, two of 
which could supply the peak load leaving the third available as a spare. 
Due to the reduction in power requirements in an off-peak period, even 
one power supply unit could carry an office over a fairly long period 
because of the battery reserve available for peak hours. As a result of all 
these precautions, telephone system failure due to loss of power was 
almost unheard of, short of a natural disaster such as a fire, flood, or 
earthquake . 176 

In describing more specifically the evolution of power supplies, it will 
be convenient to consider them in several categories. The first, and 
largest, was the basic direct-current central-office supply. This was used 
to power the talker's transmitter, operate relays and signal lamps, and 
serve as a basic reserve. As we have noted, this supply evolved into a 
system using storage batteries charged from commercial power together 
with appropriate standby generators. In addition, each office required a 

176 A study made in the mid-twenties covering a 20-year period showed that the average 
outage of the main direct-current supply was 2 seconds per office per year. The 
less-disastrous loss of ringing current, including both complete and partial failures, 
amounted to 2 minutes per office per year. 
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number of supplementary supplies. Some furnished small amounts of 
direct current at special voltages and others supplied alternating current 
of various frequencies, both continuous and interrupted, for ringing and 
signaling. Finally, there were a considerable number of locations, mostly 
at PBXs, which required many of the power sources used in a central 
office, and much of the reliability, but where it was impractical to install 
the full array of equipment used in a large office. 

7.1 Basic Direct-Current Supply 

The early common-battery offices used a number of different voltages 
to meet the needs of the various pieces of apparatus employed and power 
plants were essentially tailormade to meet local conditions, but in the 
early 1900s power requirements were increasingly standardized. By 
1925, the basic direct-current supply provided only two voltages, 24 volts 
and 48 volts. The former was used in manual offices for exchange-area 
transmitter supply and most lamp and direct-current signaling opera- 
tions. In manual offices, 48 volts were used as talking battery on toll calls 
and for some trunk signaling. Panel machine switching used roughly the 
same arrangement but step-by-step offices used 48 volts for both talking 
and signaling purposes. 

In the first common-battery offices, two sets of storage batteries were 
used, one being charged while the other was supplying the office power. 
This arrangement was particularly necessary in supplying transmitter 
current since the then-available dynamos used for battery charging 
produced a large ac “ripple” superposed on the charging current. Since 
the ripple frequency was in the audible range, an excessive amount of 
noise resulted. 

In 1897, the first steps toward simplification were taken by 
standardizing on a plant using a single ten-cell battery, all the office 
apparatus being designed to operate on the voltage supplied. (This 
battery was charged by a nominally 24-volt dynamo driven by an 
induction motor from commercial power, with an engine-driven 
generator as backup). One regular and one reserve ringing machine 
completed the plant. The battery had sufficient capacity to carry the load 
for 17 to 20 hours and customary procedure was to rely on the battery 
alone overnight and to operate the charging generator during the day at a 
rate high enough to carry the office load and recharge the battery. An 
attendant regulated the charging voltage as required during the day. The 
electrical noise caused by the charging generator was reduced by using 
large choke coils in the charging leads between the generator and battery. 

The noise reduction was not completely successful and in 1898 the 
”M-type" generator, designed specifically for charging telephone 
batteries, was introduced. This type of generator, which remained in use 
for nearly 30 years, produced a very quiet output with smaller ripple at a 
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less audible frequency. This was accomplished by using a smooth- 
surfaced armature with many coils in place of the commercial design, 
which used fewer coils in a deeply slotted armature. The M-type machine 
also used copper-gauze brushes instead of carbon. These proved less 
noisy but unfortunately required frequent lubrication. A typical M-type 
machine is pictured in Fig. 6-120. By 1927, efficient filters employing the 
newly available electrolytic capacitors in a size of 1,000 microfarads or 
more became available and the return to commercial-type charging 
machines became possible. At the same time, synchronous driving 
motors were adopted and their capability for power-factor correction 
reduced the cost of prime power. 

The practice, introduced in 1897, of charging the batteries during the 
day and allowing them to carry the load without charge during the night 
was continued with some modification until about 1920. The alternate 
charge and discharge resulted in voltage variations amounting to as 
much as 25 percent. At an early date the standard battery was increased to 
12 cells for 24- volt nominal supply and 23 or 24 cells for 48 volts . With this 
larger battery, excessively low voltages were avoided and some 
reduction in the total variation could be achieved by switching the 
number of cells manually in large offices. In 1919, after considerable 
testing, the "continuous float" method of charging was introduced in 
large offices. This involved operation of the charging generator for 24 
hours a day at a rate sufficient to supply the office load and maintain the 
battery at a nearly constant voltage. Originally, the adjustment of the 
charging generator to meet load requirements was made manually, and 



Fig. 6-120. M-type battery-charging machine. 
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by this means the voltage variation could be held within a range of about 
2 volts. This obviously required fairly close supervision by the attending 
craftsman and, by the middle of the 1920s, techniques for automatic 
regulation were devised which maintained voltage regulation within 
about a V 2 -volt range. 

Since many of the devices, such as relays, operating from the standard 
direct-current central-office voltages, generate a transient voltage which 
could appear as noise in transmission circuits, it was usual to have two 
battery outputs. One was the so-called “quiet battery" used to supply 
current to the customer's loop and transmitter or to other transmission 
circuitry. The other, or "signaling battery," was used where there were 
no severe noise limitations. In some cases, separate batteries and 
chargers were used for the two purposes, but in others the two outputs 
were supplied by the same battery, the "quiet" output being isolated 
from the "signaling" output with its high-frequency transients by means 
of choke coils or other filtering arrangements. 

At first, the battery-charging machines were manufactured by the 
Western Electric Company, but in 1909 Western Electric sold its interest 
in this type of business to the General Electric Company and the latter 
manufactured subsequent M-type machines with capacities of as much 
as 1,500 amperes until the use of commercial types was resumed. 

The batteries used in the central office were the product of commercial 
battery manufacturers and were made to Western Electric specification 
using the best techniques of the time. Since they were very large in size, 
they usually were contained in glass jars with open tops. Top enclosures 
with vents for the generated gases were introduced on small batteries 
and were gradually extended to larger sizes. These closed cells were 
commonly used for PBX or other remote supplies but the open cells 
continued in use past 1925 in large offices. The smaller closed batteries 
were made up in units of three cells but the individual cell was the basis 
for all large batteries. 

The intemal-combustion-engine-generators used for standby power 
also were produced by commercial manufacturers and modified where 
necessary to meet Bell System needs. 

7.2 Supplementary Power Supplies 

The supplementary power supplies furnished a number of different 
voltages of both alternating and direct current. Most of these supplies 
were of relatively small output but were subject to rather exacting 
performance requirements. 

One of the main supplementary supplies was required for current to 
operate the customer's ringer. Originally, this current was provided 
by manually operated devices with voltages and frequencies that were 
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highly variable. As power drive was introduced, the frequency was 
standardized at 16 2 /3 hertz since this was the approximate frequency of 
the manual generators used and that at which the ringers were tuned. 
The ringing frequency later was changed to 20 hertz since this was more 
readily produced by motor-generator sets operated off 60 hertz, the 
frequency which was gradually standardized for commercial power in 
the United States. By 1925, the use of various signaling arrangements 
required alternating currents of approximate sine wave form at several 
voltages ranging between 105 to about 75 volts. In addition, four-party 
ringing required superposed positive or negative direct current of 
comparable voltage and when machine ringing was employed the 
ringing current had to be made available in 1- or 2- second intervals 
separated by silent intervals during which direct current replaced the 
ringing current in order to provide a means for stopping ringing as soon 
as the call was answered. 

Toll-line ringing initially required a source of 135-hertz current and 
later a 1,000-hertz source also was required. 

A number of direct-current sources also were needed. Message 
registers operated from their own 39-volt supply and 110 volts (poled 
both positively and negatively relative to ground) was required for 
coin-box collect and refund. As electronic equipment was introduced, 
special supplies with stringent requirements had to be provided for the 
grid, filament, and plate circuits of vacuum tubes. 

Various tones approximating 160 and 480 pulsations per second were 
needed for audible signals to the subscriber and operator and some of 
these were interrupted to convey "busy” and other information. A 
siren-like tone, or "howler," also was used to alert a subscriber on an 
unused station when his receiver was inadvertently left off-hook. 

The need for various types of supplementary power with more 
stringent requirements increased with the evolution of an ever-more- 
complex telephone plant and led to the development of power supplies of 
increasing variety and complexity. We have not the space to cover these 
developments in detail. Suffice to say that originally the demands for 
customer ringing and signaling tone were supplied by rather simple 
motor-generator sets driven by commercial power, with a similar set 
having a motor designed for operation off the 24- or 48-volt battery as a 
reserve. Direct current for coin-box operation or other small-demand 
requirements often was supplied by dry batteries with a suitable set held 
in reserve. 

As the needs for supplementary power increased both in amount and 
variety, standardized units were developed for meeting all the common 
needs. By the middle twenties, arrangements similar to the ones shown 
in Fig. 6-121 were being introduced in all but the smallest offices. These 
units had two drive motors; one operating off commercial power was 
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Fig. 6-121. One type of standardized supplementary-power unit, supplying 20-hertz 
ac for ringing and ±110 volts dc for coin-box operation, and with reduction gearing for 
low-speed signaling. This unit was driven by an ac-line motor with a reserve battery 
motor automatically energized upon power failure. A speed controller on the battery 
motor maintained rotational speed within close limits. (Young 1927, Fig. 13) 


normally in use and the other, designed for battery operation, was 
rotating but disconnected from its power source until failure of 
commercial power at which time it was automatically connected to the 
battery, thus preventing any delay in activating the reserve. Under 
battery operation, automatic control maintained the rotational speed 
within close limits. Generators produced both direct current at plus or 
minus 110 volts for coin-box operation and also 20-hertz ac for ringing. 
The latter was used with a tapped transformer to supply the various 
voltages required for subscriber ringing. Commutators on the drive shaft 
interrupted the basic battery current to provide pulsating audible signals 
at 4, 80, and 160 interruptions per second. Commutating arrangements, 
driven through a reduction gear, provided the low-rate interruptions 
that were required for "flashing" signals and the control of automatic 
ringing. While this "universal" machine was more complex than 
arrangements required in some offices, the simpler installation and great 
flexibility made it economically more attractive in the twenties than an 
assembly of simpler arrangements in a plant that included a considerable 
variety of manual and machine offices, particularly in those cases where 
several offices were installed in one building, all being supplied by one 
power room . 

Obviously, not all offices required such elaborate ringing machines 
and, for these, appropriate smaller equipment was used, some of which 
continued to employ permanent-magnet, bipolar generators driven by 
commercially powered motors. In 1914, the 84-type interrupter was 
introduced. This was a simplified version of the "pole changer" of 1900 
illustrated in Fig. 6-116. It interrupted the office battery at an appropriate 
rate and converted dc to roughly 20-hertz ac of the proper voltage by 
means of filters or a transformer. Beginning in the 1930s, a static device 
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known as the subcycle generator (developed by an outside supplier) 
began to be used widely where only a small amount of ringing current 
was required. 

7.3 Power Plants for Toll Offices 

The power plants described above were developed specifically for the 
large exchange-plant offices but the same general principles were applied 
in toll offices. The basic direct-current power plant was the same but the 
supplementary plant, while much the same in toll and exchange, 
required some additional supplies for the former. In particular, 135-hertz 
and 1,000-hertz generators were needed for toll signaling and these were 
usually individual motor-generator sets developed for the specific 
purpose and operating either from the main office battery or from 
commercial power with battery reserve. A source of telegraph battery 
also was needed to supply plus or minus 130 volts direct current. Storage 
batteries, charged from a motor-generator set operating from commercial 
power, were commonly used for this purpose. 

As vacuum tubes were introduced into the telephone plant, additional 
power sources were required. The grid-bias or "C" battery was 
commonly a small three-cell dry battery, a separate one being used for 
each piece of equipment to avoid crosstalk between circuits. The 
filaments, where possible, operated from the basic office battery with 
choke coils in the individual circuit to provide electrical isolation. The 
plate supply ("B" battery) of about 130 volts was often a set of small dry 
cells built into blocks of 15 or 30, each block supplying a nominal voltage 
of 22.5 or 45 volts. Taps were provided on both the C- and B-type dry 
batteries to provide voltages less than the maximum. Later, as the power 
needs increased, storage batteries were provided to supply plate voltage, 
with choke coils in the individual leads to avoid coupling between 
equipment. These batteries were usually charged by means of hot- 
cathode rectifiers although other arrangements also were used. 

7.4 Power for Small and Remote Locations and Special Applications 

The systems we have been describing were intended primarily for 
providing highly reliable power sources for the larger offices. Many of 
the locations requiring power were remote from the central office or were 
of such small size that fulltime attendance by craftsmen was impractical. 
For such situations special arrangements were required to provide both 
economical and reliable power. Although such systems provided only a 
small portion of the total telephone power requirements, they were of 
particular importance since they stimulated the application of new 
techniques and devices such as unit-type construction, sealed batteries. 
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static rectifiers (of the hot-cathode and copper-oxide type), and 
automatic control; all of these techniques being particularly adaptable to 
plants of small size. Much of this work was being done in the twenties 
and early thirties and resulted in a considerable number of standardized 
plants for special applications. We have space to mention only a few of 
these here. Some of these plants were not put into use until after the 
nominal time frame of this history but are significant for our purpose 
since they illustrate the important changes in power plant development, 
largely stimulated by developments started before 1925, which were to 
have lasting effects on telephone power supply systems. 

7.4.1 Plants for Remote Locations 

The most numerous remote locations were the private branch 
exchanges installed on customer premises. Early PBXs obtained both 
their direct-current and alternating-current (ringing, etc.) supplies over 
special cable pairs from their serving central offices, thus obtaining the 
required reliability without complicated equipment on the premises. 
With this arrangement, voltage varied greatly with load and small 
storage batteries were soon added to reduce the variation. These were 
charged on a constant-current basis by means of the current supplied 
over the central- office pairs, but sometimes local rectifiers were used. 
Maintenance men visited the PBX periodically to check the electrolyte 
level and battery charge, adjusting the latter as required. Owing to 
variations in the power requirements of the PBX, this arrangement was 
not too satisfactory and would not meet the requirements of the dial PBX 
with its need for a larger number of tones and close voltage regulation . T o 
meet these needs the 102 series of power plants (illustrated by Fig. 6-122) 
was introduced. These plants (except for the batteries) were preassem- 
bled in the factory and required little installation effort other than the 
addition of the batteries, which were shipped separately, ready for use. 
The plant incorporated automatic control, hot-cathode rectifiers of the 
"Tungar" type, and in some cases ringing machines supplying all the 
necessary tones. 

Occasionally, electronic repeaters were installed at locations where 
24-hour attendance was not available, and even when they were located 
in large toll offices they required small power supplies additional to those 
commonly available. In larger offices, filaments were often supplied from 
the quiet 24-volt battery but where the repeater installation was small or 
remote from the main power supply a rack-mounted plant of the 602 type 
was used. Plate supply was furnished by similar rack-mounted supplies 
of the 604 or 603 type. The former used automatic control of a storage 
battery charged by a Tungar rectifier but the latter, intended for very 

small installations, used a copper-oxide rectifier with dry cells as a 
reserve. 
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7.4.2 Small-Office Plants 

Small offices were frequently not manned by craftsmen during the 
night hours or over the weekends and batteries were usually provided of 
sufficient size to carry the load during the period without charging. In 
moderate-size offices a battery plant large enough for the weekend load 
was expensive and the alternative of overtime attendance for Saturday 
afternoon and Sunday charging also was costly. This situation stimulated 
the Pennsylvania Bell Company in 1917 to produce plants charged by 
means of mercury-arc rectifiers which were automatically turned on 



Fig. 6-122. No. 102B power plant for small, dial-type PBX (44 to 50 volts, 2.5 amperes). 
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whenever the specific gravity of the battery electrolyte fell below a 
specified figure. Three of these plants were installed and served 
satisfactorily for many years. However, they were somewhat compli- 
cated and better techniques soon became available and were incorpo- 
rated in small, standardized. Bell System plants of the automatic type. 
Typical of these was the 200-type design in sizes of 5- and 100-ampere 
capacity for supplying nominal voltages of 24, 34, and 48 volts. They also 
usually included the necessary ringing equipment. The 203A plant 
illustrated in Fig. 6-123 is representative. Charging of these plants was 



Fig. 6-123. No. 203A automatic-type, low-voltage power plant for small central offices 
(44 to 50 volts; 15, 30, or 50 amperes). 
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controlled by an ampere-hour meter which turned on a Tungar-type 
rectifier when a given amount of discharge had occurred and 
disconnected it after the charge was restored. Alarms were provided to 
alert craftsmen in nearby attended offices if the system did not function 
correctly or if other irregularities such as blown fuses, ringing failure, 
etc., occurred. 

For even smaller offices, still using local-battery operation, the 801C 
plant furnished both talking battery for the operator and ringing current. 
The former was supplied by an 8-volt storage battery under continuous 
charge by means of a copper-oxide rectifier. Ringing was provided by a 
motor-driven magneto with a vibrating interrupter operating from dry 
cells as a reserve source. 

7.4.3 Special-Purpose Plants 

In addition to the plants already mentioned, a number of other 
standardized special-purpose plants were developed for the office with 
modest power requirements. These included not only supplies for 
customer and trunk ringing at 20 hertz but also arrangements for 135- and 
1,000-hertz toll line ringing. Direct-current supplies also were provided 
for coin-box control and for telegraph service. Included in the latter 
category was an interesting system for compensating for ground 
potential which, at a time when dc street railway systems were common, 
could often be quite large and highly variable. We shall not discuss these 
arrangements since the material already presented illustrates our main 
objective of showing the many facets of the telephone power problem, 
the need for great reliability, and the manner in which the techniques 
which became available in the early part of the twentieth century led to a 
large effort in the 1920s aimed at providing standardized power plants, 
including the use of automatic control, which met the increasingly more 
rigorous and complex requirements arising from the new telephone 
systems coming into use. However, some information on these systems 
is included in Fig. 6-124, which summarizes some of the small and 
specialized plants available on a more or less "package" basis by the end 
of the 1920s. 

7.5 Summary — The Situation in the Twenties 

Since the mid-nineties, commercial systems were the prime source of 
power for telephone operation. Power as received from these systems 
could not be used directly as supplied but required equipment of special 
design to convert it to the needs of telephone systems. In order to meet 
the need for reliability, storage batteries, charged from the prime source, 
were the major direct source of telephone power, and provided a 
continuous supply regardless of interruption in the prime source. As an 
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Type No. 

Service 

Output 

Power Converter and Reserve 

102 A 

102B 

PBX — 

Basic Power 

44-50 V dc, 2.5 A 

44-50 V dc, 2.5 A & 5 A 

Tungar rectifier and 
enclosed storage batteries 

200 -Code 
Series 

Small Central 
Office — 

Basic Power — 
Various Sizes 

24, 34, 48 V dc, 

5 A to 1 00 A 

12 -Ampere Tungar rectifier 
(used in parallel as required); 
3-cell ( 1 05 -Ampere - hour) 
or single- cell (480 -Ampere- 
hour) enclosed storage 
batteries as required. 

602A 

Vacuum Tube 
Filament 

Supply 

20-28 Vdc, 10 A 

Tungar rectifier and enclosed 
storage batteries; 
supplementary (close voltage) 
regulation available 

603 A 

604A 

604B 

Vacuum Tube 
Plate Supply 

130 V dc, 50-80 mA 

130 V dc, 50-200 mA 

130 V dc, 200-800 mA 

Copper -oxide rectifier with 
dry— cell reserve. Tungar 
rectifier and enclosed storage 
batteries 

801 A 

Ringing 

75-110 V 20 Hz, 0.19 A 

Motor- driven magneto with 
dry- cell reserve operating 
vibrating interrupter 

801C 

Ringing 

Operator's 

Transmitter 

75-110 V 20 Hz, 0.19 A 

8 V dc, 20 or 40 Ah 

Same as 801A 

Copper- oxide rectifier and 
enclosed storage battery 

802A 

8026 

Toll Signaling 

35 V 135 Hz, 40 W 

6 V 1,000 Hz, 0.015 A 

4.25 V 1,000 Hz, 0.025 A 

24 -volt basic supply 


Fig. 6-124. Typical "package" power plants available in the late 1920s. 


additional precaution, most large offices had local engine-generators 
which could replace the commercial power in case of extended failure. 

Originally, power plants were more or less individually designed for 
each office, but standardization was started in the late nineties to provide 
a small number of basic plants to meet the special requirements of 
telephony, and this continued to be a major objective in telephone power 
development in the years that followed. One of the important needs was 
for sources nearly free from electrical noise when the power was used for 
transmission equipment. Special charging generators were developed 
for the purpose so that charging could take place while the batteries were 
in service. 

As part of the standardization effort, two direct-current voltages, 24 
and 48 volts, were selected as major sources for direct operation of 
telephone equipment. However, increasing numbers of other sources, 
both dc and ac, were required in small sizes for special purposes, and 
converters were developed to meet these needs as they arose. In all cases 
these sources were provided with the necessary reliability, usually by 
using the main battery as a backup source. Often the auxiliary power 
supplies were rather complex assemblies of special generators of the 
rotary type but static converters using mercury-arc rectifiers and 
hot-cathode tubes were coming into fairly common use in the early 
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twenties for supplying small direct-current needs. They were used not 
only for the many special voltages required but also for the 24 and 48 volts 
supplied at remote locations where only small amounts of power were 
needed and attendance was part-time. 

All of these requirements added up to large and complex installations 
for supplying central- office power. One of the large installations 
required for a two-unit machine switching office is shown in Fig. 6-125. 
The cost of providing and operating this equipment and of compensating 
for losses in the power conversion was sizable and resulted in a cost of 
telephone power at point of use which was as much as ten times the cost 
of the prime power. 

The twenties marked a period of great change in telephone power 
systems. Some of these changes were already in use by 1925 and for 
others the basic technology had just become available and would soon be 
put to use. Around 1920, the office voltage regulation in large offices was 
greatly improved by the “continuous float" method of charging using 
manual adjustments. By 1925, techniques for automatic regulation 
became available and their adoption followed rapidly thereafter. Means 
for reducing the cost and doubling the life of batteries were devised and 
put into production in 1927. Static rectifiers using hot-cathode vacuum 
tubes of the Tungar type had been adopted for small power plants, 
particularly for furnishing vacuum tube voltages, before 1920; but during 
the early twenties technology for using metallic rectifiers of the 
copper-oxide type was evolving and these devices were put to use in 
1927. They received large usage in small plants, ultimately replacing 
many of the small Tungar type and being themselves replaced by 
selenium rectifiers beginning about 1938. However, the Tungar rectifiers 
continued in use in medium-sized unattended locations until they were 
replaced by the thyratron type about 1935. Thus, as in the other parts of 
the plant, the end of the first 50 years of telephony found new technology 
in the field of power supply developing rapidly and laying the 
groundwork for significant changes to be made in the years to follow. 

VIII. SWITCHING SUMMARY 

The first half-century of switching development can be characterized 
briefly as a period of establishing basic technical foundations on which 
the future could be built. 

Prior telecommunication art had little to contribute to telephone 
switching and the early years were devoted to finding techniques for 
interconnecting stations in a rapid and economical manner. Accomplish- 
ing this required not only new principles but new hardware for 
implementing them. All had to be done within the constraints imposed 
by the primitive state of the station and transmission components of the 
telephone system. By the early 1900s, developments throughout the Bell 
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Fig. 6-125. Power equipment for two 10,000-line panel machine-switching units: (a) 
power machinery and control equipment; (b) battery room; (c) 165-hp gas-engine- 
generator set for emergency use. (Craft, Morehouse, and Charlesworth 1923, Figs. 15, 
16, and 17) 
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System brought a degree of sophistication to all parts of the telephone 
plant and gave confidence that Bell's "Grand System" for universal 
telephone communication ultimately could be achieved even though 
many problems had yet to be solved. In the switching area, a basic 
interconnection plan had evolved employing a system of switching 
points, or central offices, connected directly to telephone stations by wire 
lines (loops) and in turn connected to each other by higher-grade lines 
referred to as trunks, sometimes directly but often through intermediate 
switching points. During this first 25 years, switching was handled 
almost entirely on a manual basis and by the turn of the century the 
originally large and complex switching arrangements had been 
simplified to the point where they were compact and required minimal 
effort on the part of both the telephone user and the switching operator. 
Metallic (2- wire) transmission and the common-battery principle had 
been adopted and means had been devised for economically switching 
calls in exchange areas of roughly any size from a small village to the 
largest metropolitan area. 

During the first 25 years of the twentieth century most switching 
continued to be handled on a manual basis with considerable 
improvement being made in economy, service features, and operating 
methods. Particular emphasis was placed on meeting the special 
problems of toll switching and, while some switching of toll calls 
occurred before 1900, it was the developments of the second 25 years of 
telephony that demonstrated the practicality of Bell's "Grand System." It 
was also this second 25 years which saw great progress in the 
development of PBX systems as a supplement to the common -carrier 
network, establishing an integrated system serving all telephone needs 
from on-premise intercommunication to intercontinental long-distance 
calling. 

This second 25 years also brought developments that demonstrated the 
practicality of automatic (or machine) switching and laid the 
groundwork for its ultimate widespread usage. Proposals for automated 
switching were made as early as 1879 and an automatic exchange was 
installed in 1892; but it is fair to say that automation did not move much 
beyond the experimental stage until the 1900s. By the 1920s, two basically 
different systems had come into use in the Bell System. For small ex- 
change areas (up to several central- office installations) the Strowger or 
step-by-step system usually was preferred. This was a progressive, 
direct-control system in which pulses from a customer's dial operated 
directly a series of switches (with two directions of motion) arranged in a 
tree-like configuration. This type of system involved many serious 
problems when attempts were made to apply it to large metropolitan 
areas. Such areas formed an important part of the Bell System and to meet 
their special needs Bell developed a completely different system using 
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large linear (panel) switches controlled indirectly by the customer's dial 
through common equipment which registered dial pulses and translated 
them to signals suitable for operating the switches. This indirect, 
common-control approach proved to be a powerful tool and became basic 
to all modern large-size switching systems. 

In spite of the large amount of development effort during this period, 
the number of Bell stations switched on a machine basis was only about 
12 percent in 1925. Thus the major effect of the work on automation 
conducted during the first quarter of the century was in establishing a 
foundation for the future. In this respect the situation was very similar to 
that we have found in examining the development of stations and 
transmission systems where the late twenties found telephony with the 
technical background needed for great future expansion. 


Chapter 7 

Non- Voice Communications 


The use of coded light signals to transmit information over considerable 
distances extends into the dim past of recorded history. However, the 
electromagnetic mode of transmission over wire-line media did not come 
into use until the nineteenth century. The notable experiments made by 
Samuel F. B. Morse and the collaborating work by Alfred Vail in evolving 
signal codes to identify letters and figures provided the necessary means of 
transmitting a coded message over a wire line for considerable distance and 
its instant recording at the receiving station. Morse demonstrated the 
feasibility of this mode when he transmitted a message over an open-wire 
grounded line extending from Baltimore to Washington, D.C., during 1844. 

This chapter highlights the early history of telegraphic communications 
prior to the time of the Morse demonstration, traces the growth and 
evolution of wire-line telegraph communications within the United States 
prior to formation of the Bell System, and finally describes the means 
employed by the Bell System to provide telegraph and other non-voice 
services to the public during the 50-year period beginning within the decade 
of the 1880s and extending through the 1920s. 


I. INTRODUCTION 

The primary form of communication between people throughout the 
ages has been a procedure known as talking. This acoustic art is a 
mouth-to-ear sort of process which is severely limited by increasing 
the distance between the individuals involved. Human innovation 
overcame this handicap by making use of the eye which could 
recognize changes in a pattern of lights or objects at a considerable 
distance. Clearly this process would have a limited vocabulary and 
take a long time to transmit a given message, compared to the verbal 
method. Nonetheless, ancient peoples found visual signaling a high- 
speed method compared to sending a messenger on foot to complete 
the verbal process. We are told by Aeschylus that, long before 
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Agamemnon returned home, Clytemnestra learned of the fall of Troy 
by means of a sequence of fire signals flashed from one mountain top 
to another. 

Communication over a distance resembles transportation. The 
commodity to be transferred from one place to another is information, 
and the system has attributes of speed and capacity or quantity of 
information per unit time. Speed is a relative sort of descriptive term 
in that a proposed system will be called “high speed" if it is faster 
than the system in present use. At some future time the term "high 
speed" will be dropped from the then-existing system and transferred 
forward when a new, faster generation is proposed. Thus we see that 
Clytemnestra's signal fires were high speed compared to sailing across 
the Aegean Sea, but in terms of today's technology would seem incred- 
ibly slow. It is probable too that her system transmitted only one item of 
information, i.e., "Troy has fallen and the Greeks will be returning." 

With the passage of time the users of signaling systems exhibited 
the natural desire of wanting something better, faster, and more 
flexible. It became apparent that better performance could be obtained 
if written messages were sent letter-by-letter using some sort of coding 
system in which each letter or number was represented by a unique 
pattern that was discernible to the eye. Two hundred years after the 
fall of Troy, Greek military leaders displayed sets of torches in patterns 
which signified the letters of the alphabet. 

The period before the year 1800 was one of intensive development of 
semaphore transmission. It was sponsored and used mainly by 
governments. In France a message could travel a distance of nearly 500 
miles in about 12 minutes. This means that a question could be asked 
and the answer received in half an hour. Again compared to use of 
messengers on foot or horseback, this was indeed high speed. Such 
systems were in common use in Europe and ruins of the signal towers 
along the Georgian military road across the Caucasus mountains are 
still very much in evidence today. The success of the semaphore 
system depended on the use of telescopes which enabled the relay 
points to be stretched out; but weather in the form of fog, clouds, or 
precipitation was an adverse factor. A locally heavy storm could block 
transmission for the duration of the storm. 

II. EARLY ELECTROMAGNETIC EXPERIMENTS 

Experiments with electricity in the eighteenth century were directed 
toward the possibility of developing a new kind of signaling system. 
These experimental trials were the forebear of modern telegraph 
systems. The word "telegraph" derives from the Greek, "tele" 
meaning far-off and "graph" meaning something written, i.e., a 
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symbol of some sort; hence a telegraph system was one which could 
reproduce symbols at a distance. Although static electricity, conduc- 
tors, and insulators had been recognized since the days of the Greeks, 
efforts to make a working system based on known principles showed 
that such a system was impractical. Experimentation with electricity 
continued and it was learned that a magnet could be constructed by 
causing an electric current to flow through a coil of insulated wire 
wrapped around a piece of soft iron. Work by Arago and Faraday in 
1820 and by Henry in 1830 was largely responsible for providing the 
electromagnet which in turn provided the basic technologic instru- 
mentality needed for the development of an electromagnetic telegraph 
system. Literally dozens upon dozens of experimental systems had 
preceded it and proved impractical. 


III. THE MORSE TELEGRAPH 

Shortly after 1830, Samuel F. B. Morse began experiments and the 
system which he devised became widely accepted. Morse had been 
educated at Yale, graduating in 1810. He went to England to study art 
and became a moderately successful portrait painter after returning to 
America. He had been interested in electrical phenomena in his 
college days but apparently that interest had remained dormant until 
middle age. There were many electrical experiments being reported 
and lectures given in the period before 1830, which reawakened 
Morse's interest in electricity and he began experimenting with the 
electromagnetic telegraph. In his first system Morse used a pencil 
fastened to the movable armature of an electromagnet. It left a trace on 
a slowly moving roll of paper. At some distant point the electric circuit 
through the electromagnet was momentarily closed by operating a 
telegraph key. The resultant current flowing through the magnet 
caused the armature and pencil to be displaced and then return to the 
normal position. The result was that a V or notch would occur in the 
steady trace made by the pencil, every time the key was operated at 
the distant point. Morse's initial designs would probably be called 
somewhat cumbersome but they were sufficient to demonstrate the 
potential worth of his proposed system. 

Discussions with the faculty at the University of New York 
stimulated the active participation of Alfred Vail, an inventor, 16 years 
younger than Morse, who in turn sought financial support from his 
father. Judge Stephen Vail of Morristown, New Jersey. But the Judge 
remained skeptical until a message devised by Alfred Vail was 
successfully transmitted over 3 miles of wire that had been strung 
around the bam on the Vail estate. This occurred on January 6, 1838, 
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and the favorable impression secured the further financial support 
which enabled the development of a working telegraph instrument. 

Morse originally thought he could construct a dictionary of num- 
bered words and phrases corresponding to the notches on the tape and 
spent several months at the endeavor. It became clear that it would be 
better to code letters by a sequence of short dots and long dots, i.e., by 
dots and dashes. It is said that Vail went to the newspaper office in 
Morristown and counted the number of pieces of type in each letter 
box of the alphabet. He concluded that telegraph code should use the 
simplest telegraph signal, a dot, for the most frequently used letter of 
the alphabet, e, and gradually increase the complexity of the signal as 
the frequency of usage of a letter decreased. This concept had already 
been adopted by European experimenters. It was expected that the 
dots and dashes on the paper would be read and converted to a 
hand-written message. Some years later the operators who had the 
task of making the conversion realized that the auditory sense was 
superior for the task at hand and that merely by listening to the clicks 
of the electromagnet they could write down the message as rapidly as 
it arrived. It proved easy for the ear to recognize the sounds made 
when the magnet operated and when it released. In order to make the 
task easier an improved listening device known as a "sounder" was 
added so that both the sender and the receiver could hear the code 
being transmitted. 

It has been claimed that Morse did not invent the telegraph. It is 
certainly true that the concepts are lost in the mists of history, and 
there certainly was much prior and concurrent experimentation from 
which there were conflicting claims. It does appear clear, however, that 
Morse and Vail designed, built, and demonstrated the first practical and 
successful electromagnetic telegraph system in the United States. It is a 
historical fact that in periods of scientific ferment the same discovery 
may be made independently at the same time in widely separated 
locations, and that, further, the workers in a particular field "feed" on 
each other's discoveries, stimulating still greater advances. 

IV. CODES USED IN TELEGRAPH COMMUNICATIONS 

It was mentioned earlier that codes for letters of the alphabet had 
existed since the time of the Greeks. With the passage of time, coded 
signals became more efficient in transmitting a given amount of 
information in the minimum time. Figure 7-1 shows a number of 
codes, all but one of which were developed in the first half of the 
nineteenth century. It will be noted that the concept of two elements 
in varying combinations was well understood. The codes of Bacon in 
1605 and Rees in 1809 made use of a binary code of five elements 
which give 2 5 or 32 different combinations or characters. Swaim's code 
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Bacon 

Rees 

Swaim 

Schilling 

Gauss 

& 

Weber 

Steinheil 

Original 

Morse 

Later 

Morse 

(Amer- 

ican) 

European 

Morse 

(Inter- 

national) 


1605 

1809 

1829 

— 

1833 

1836 

1838 

1844 

1851 

A 

aaaaa 

11111 

t 

rl 

r 

Irl 

sss 

si 

si 

B 

aaaab 
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Fig. 7-1. Comparison of early alphabetic codes with the various Morse codes. 


is said to have been used for communication between prison cells, 
where “t" stands for "tap" and "s" for "scratch." The other alphabetic 
codes were used in experimental setups, such as left or right on a 
galvanometer, black or white, short or long pulse. The Morse codes 
of 1838 and 1844 very largely reflect the inventive genius of Morse's 
assistant Alfred Vail. It will be seen that a few letters are omitted from 
some of the codes and there are some duplications which the receiving 
telegraph operator was expected to properly interpret. 


V. GENESIS AND EARLY HISTORY OF TELEGRAPH OVER WIRE LINES 

The ferment and excitement of instant communication had per- 
meated political realms in the United States and in 1843 the Congress 
passed the Telegraph Bill which provided $30,000 to build a telegraph 
line from Baltimore to Washington, D.C. On May 27, 1844, a 
demonstration took place which assured success to Morse's system. 
The historic message "What hath God wrought?" was transmitted a 
distance of 40 miles! The message was received on a paper tape known 
as a recording telegraph, which is shown in Fig. 7-2. Early systems 
were operated over a single wire and the apparatus at each end was 
connected between the wire and ground. 
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Fig. 7-2. Morse's recording electric telegraph as used on the experimental line 
between Baltimore and Washington in 1844. (Still 1946) 


This single- wire system reflected the desire to make the operation as 
economical as possible by using the earth in place of a second return 
wire. As the separation between the two terminals increased, technical 
problems arose. The potential of the ground at the two locations might 
be different; hence the ground behaved as a giant battery which 
caused an unwanted current to flow in the wire when the circuit was 
closed, interfering with and altering the wanted current. Additional 
components were needed to compensate for this effect, reducing the 
economic advantage. Furthermore, the ground potentials changed 
with time and distance, thus requiring human intervention and 
causing further expense. It is a fact that nature behaves differently 
from the basic concepts of the textbook, and much of the work of the 
engineer is concerned with compensating for these differences. The 
harder he pushes a system, i.e., the more he attempts to maximize the 
efficiency and reliability, the greater are the technical additions he 
must make to the original system to assure success. 

It is true that as soon as a new system proves its worth, expanded 
services are suggested. Thus by 1849 a telegraph service was provided 
between New York and Philadelphia in which each message was 
recorded in printed form for delivery to the recipient. This service 
grew rapidly since the printed message was very useful to commercial 
businesses and press organizations receiving private messages. The 
concept of a typewriter was in existence but a practical machine as it is 
known today did not come along until 1875, three decades after the 
inception of the manual-type telegraph system. 
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Telegraph service and the physical plant providing it expanded 
rapidly. Quite naturally it grew where the service would be valuable. 
It interconnected cities and followed main railroad lines, having 
service points, called drops, at railroad stations. Many small com- 
panies sprang up, sometimes operating only a single-wire-line system 
between two relatively nearby places. The transmission of military 
messages during the Civil War provided a strong stimulus to the 
expansion of telegraph service. Finally, the Western Union Telegraph 
Company began absorbing the smaller operating companies and 
emerged as one of the largest and most important companies in the 
history of the country up to that time. Telegraph became a universal 
service within the country. It was used to transmit information in the 
fields of banking, business, government, railroads, and news gather- 
ing, and in the sector of the private citizen. 

Since telegraph service originated with a piece of paper bearing a 
message and terminated with a piece of paper having a reproduction 
of that message, it was considered a competitor of the U.S. mail 
service. The advantage of telegraph obviously was its high speed, i.e., 
reduction in the time needed to transmit, record, and deliver the 
message and to get a reply if one were requested. This feature was 
evidently worth the expense involved for news associations, busi- 
nesses, or any organization where prompt action was synonymous with 
the improvement of operations. 

The telegraph plant consisted largely of single- wire, ground-return 
circuits. These could be operated in only one direction at a time, i.e., 
an incoming message would be interrupted to send an urgent 
outgoing message. 

The early systems involved "neutral operation" in which there was a 
flow of current for the "marking," i.e., closed, position and zero 
current for the "spacing" (open) position. Figure 7-3 shows the 
fundamental principle of a "single Morse" circuit. At each station 
there is a key, relay, sounder, and local battery. The stations are 
connected together by the single-wire line which is grounded at B and 
connected to battery at A. Ordinarily the contacts of each telegrapher's 
key were shorted so that current flowed continuously. If the operator 
at B wished to send a message, he opened the shorting switch on his 
key, thereby putting both relays and their sounders in a condition to 
respond to operations of the key. A short make and break of the key 
(followed by the sounders) was interpreted as a "dot"; a make lasting 
a bit over one-tenth of a second followed by a break was recognized as 
a "dash." Letters and figures were sent according to the American 
Morse code, each followed by a space. This code is tabulated below for 
easy reference, although it is included in the comprehensive table (Fig. 
7-1). 
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STATION B 



Fig. 7-3. Elementary neutral telegraph circuit. 
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If the operator at A wished to interrupt, for instance to ask for a 
repeat, he simply opened the shorting switch of his key, thereby 
opening the circuit. B upon hearing no response of the sounder to his 
key would realize that A wished to send a message. He would then 
throw his shorting switch to receive from A. 

Operation of the neutral system was generally satisfactory for short 
distances, but as the distance was increased, the corresponding 
increase of the resistance lowered the current and ultimately affected 
the response of the relay. In addition there was a tendency for the 
current to leak to ground along the line, particularly under wet 
weather conditions. Operation was also affected by earth potentials 
and capacitive effects from the line and equipment. It will be clear 
from the schematic that the circuit impedance changed by a finite 
value as the key went from a marking to a spacing condition. The 
waveshapes of the current buildup and decay were different, which 
was a disadvantage. All in all the neutral operation had very definite 
limitations and something better was urgently needed. 

"Polar” operation provided a considerable improvement. Whereas 
the neutral relay operated on current of either direction, the polar relay 
was designed to operate when current of the right polarity flowed 
through the windings but to have no response when current of the 
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opposite polarity flowed. In the polar arrangement the telegrapher's 
key connected positive battery to the line on marking and negative 
battery on spacing. The transition from marking to spacing therefore 
involved a symmetrical current reversal in a circuit of constant 
impedance. The fact that there was current flow for both marking and 
spacing improved the operating margin over the neutral mode without 
increasing the magnitude of the steady state current in any part of the 
circuit and without increasing the voltage to ground. 

The need for two-way service, called duplex service, brought about 
the development of new equipment at the telegraph stations in 1872. 
In one form of duplex equipment a Wheatstone-bridge configuration 
was used. (See Fig. 7-4a.) The two windings of a bridging coil formed 
two arms of the bridge; the line to the distant equipment and its 
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(a) 


LINE 
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Fig. 7-4. Polar transmission uses positive and negative pulses passed through a bridge 
circuit, as at (a), or a differential relay circuit, as at (b). (Redrawn from Hamilton 

1946, Fig. 1) 
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simulating network formed the other two arms. The receiving polar 
relay was placed in the galvanometer position and showed no 
response to local keying when the bridge was balanced, but it 
responded to sending from the distant key. In a second form, 
differential duplex, the receiving relay was provided with two 
windings. (See Fig. 7-4b.) These were connected in such a way that 
the armature responded when the distant telegraph key was operated, 
but the armature was not affected when the local key was operated. It 
was necessary to connect one of the two windings of the receiving 
relay to an artificial line which, in both arrangements, was composed of 
resistors and capacitors, so arranged that it was a good impedance 
simulation of the actual line and terminating equipment connected to 
the other winding of the relay or coil. Operation of the local key would 
cause the current to divide equally in the two windings which were 
arranged to oppose each other so that there was no effect on the arma- 
ture. Again there would be need for adjustment of the network according 
to the length of the line and if there were changes in leakage. 

Edison developed a quadruplex system in 1874 combining polar and 
neutral differential duplex systems so that two two-way channels 
could be operated over a single line simultaneously. 

In a brief review such as this, it is possible to touch on only a few of 
the highlights. There were many practical problems associated with daily 
operation, especially those having to do with maintenance. Variations in 
battery voltage, insulation of the line, adjustment of the relays, etc., 
only added to the dedication of the operators who realized that they 
were in the center of a new endeavor which recognized the importance 
of communications in the mercantile and social life of the country. 

5.1 Printing-Telegraph Technology During the Nineteenth Century 

A short historical review of the development of telegraph printers 
provides a bit of perspective in seeing how pressures of the 
marketplace combine with existing technology and stimulate further 
developments toward improved service. It will also be pointed out that 
there was a widespread interest in printing telegraph with develop- 
ments showing up at widely separated locations in North America 
and Europe in the early days. 

In 1848, only four years after the Baltimore— Washington demonstra- 
tion of telegraphy, a Vermont inventor. Royal E. House, recieved a 
patent for a printing-telegraph system using a piano-type keyboard 
which actuated a type wheel by compressed air. In 1855, David 
Hughes, of Kentucky, developed a greatly improved machine along 
similar lines, which was used commercially. At about the same time a 
Connecticut man, named John P. Humaston, patented a keyboard- 
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and- treadle scheme whose perforations of a paper tape represented 
the telegraph message in Morse code signals. In Germany, Dr. Werner 
Siemens patented in 1868 the first completely automatic keyboard 
perforator for use with Morse code. Improvements were made in 
England by Creed and his apparatus was generally adopted there 
around 1900. 

At about the time Siemens was at work in Germany, Elisha Gray, of 
the firm of Gray and Barton in Boston, Massachusetts, was busy 
developing a private-line printer for use on short lines, such as that 
connecting a downtown office with a factory some little distance away. 
Gray's machine was evidently superior to competing machines and 
came to have fairly wide usage in the larger cities of New York, 
Pittsburgh, Detroit, Chicago, and St. Louis. 

Emile Baudot, working in France in 1874, developed a practical 
system of printing telegraphy employing paper strips and a five-unit 
selecting code which has been in common use since that time. His 
type-printing multiplex system, which employed time division, was the 
basis for the Murray and Western Electric multiplex systems which 
came into commercial use after the turn of the twentieth century. (The 
multiplex system is described in Section 9.3.) 

The need for records in the form of the printed page continued. The 
typewriter, invented in 1875, provided such a record, and it was 
logical to unite this device with the telegraph system. The first page 
printer was an Essick machine which is believed to have been put in 
operation over telephone lines in 1891. Donald Murray was also active 
in this field and in 1901 he introduced a high-speed automatic system, 
and a multiplex system which was used by Western Union. 

Despite these early attempts to introduce suitable printing-telegraph 
machines for general public use in transmitting messages over wire 
lines, they failed to come into more than limited use. The lack of 
appeal was due in part to limitations of the machines themselves and 
in part to the inadequate quality of transmission over the wire-line media. 

VI. TELEGRAPH OVER SUBMARINE AND OTHER CABLES 

The expansion of telegraphy naturally brought with it the problem 
of finding the best way to cross bodies of water. In 1847, gutta percha, 
an inelastic latex, was discovered and found to be a very reliable 
insulator when submerged in water. In 1851, England was linked to 
the Continent when a telegraph cable was successfully installed across 
the English Channel, using gutta-percha insulation. In 1854, Cyrus 
Field, a retired American merchant, only 35 years old, conceived the 
idea that a submarine cable under the Atlantic Ocean would be a good 
business venture. He organized American and English companies 
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and after a variety of failures succeeded in establishing a cable 
connection in 1858. The cable failed after three weeks of operation and 
he had to reorganize the company to raise the funds necessary for 
further work. In 1866, cables were permanently established. The 
application of regular telegraph equipment proved rather disappoint- 
ing in that not more than two words could be transmitted per minute. 

The submarine telegraph cable can be electrically simulated to a 
good approximation by considering the series resistance of the 
conducting wire and the shunt capacitance of the insulation. A 
consideration of the time interval needed to establish a steady value of 
current shows that the signaling speed should have been very slow. 

In 1855, Lord Kelvin of England studied the speed at which 
telegraph signals could be sent and showed that, for a given type of 
cable, doubling the length resulted in slowing the speed to one-fourth; 
in other words, the signaling speed was inversely proportional to the 
square of the length. This forecast the slow speed found on the 
Atlantic cable. Stimulated by this adverse performance. Lord Kelvin 
devised a mirror galvanometer which raised the speed to seven or 
eight words a minute, and in 1870 his siphon receiving mechanism 
raised the speed to about 20 words per minute. From a modern 
vantage point it is known that the signaling speed depends on the 
frequency bandwidth which in the first submarine cable would have 
been extremely narrow indeed. This understanding explains why it 
has been economical to abandon the early submarine cables even 
though they may be in working order, and represent millions of 
dollars of investment. It is not the physical state of the cable but its 
ability to transmit the maximum information per unit time that is 
important. But transferring the point of view back to the epoch of 
1870, the alternative to the cable was to send a message by steamboat 
which required ten days or more for a passage in one direction. Hence 
at the time the cable was a high-speed system. 

Later, in the 1880s, Oliver Heaviside, father of the operational 
calculus, made a rigorous analysis of the transmission of telegraph 
signals and showed that the uniform addition of inductance along the 
line could produce a “distortionless” line with unlimited speed. Once 
again there was a difference between the theoretical ideal and that 
which could be practically achieved. Four decades later the spiral 
winding of a ribbon of a new magnetic material (permalloy) around 
the submarine-cable conductor made possible a speed of 400 words 
per minute. 1 In telephone cables it was found advantageous to add the 
inductance in a lump at uniform intervals by inserting wound 


1 See "References” at the back of this volume for journal articles describing advances 
made in submarine-cable technology during the early twentieth century. 
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inductances, called loading coils. This process was known as "load- 
ing" and is discussed in Section 4.1.3 of Chapter 4 and in Chapter 10. 

VII. EARLY HISTORY OF TELEGRAPH SWITCHED SERVICES 

The history of the telegraph exchange is older than that of the 
telephone exchange. In fact, some of the fundamental ideas which 
have lead up to the establishment of telephone exchange systems were 
developed for application with the telegraph. 

The early history of the telegraph exchange is described in fairly 
complete form in an article by Thomas D. Lockwood, entitled "The 
Forerunners and Genesis of the Telephone Exchange." This article 
appears as an Addendum to the Proceedings of the Fifth Annual 
Convention of the Telephone Pioneers of America, which was held in 
San Francisco during 1915. The interesting history contained in Mr. 
Lockwood's article is quoted at length below: 

The idea of an exchange system for the electrical intercommunication of 
intelligence was an old and familiar one long before the advent of the 
telephone; and it is clear that a telegraph exchange is as natural an 
outcome of the electric telegraph, as the telephone exchange was and is of 
the electric telephone. 

Several such telegraph exchanges were proposed, and some were 
constructed and permanently operated. The first practical electric tele- 
graph was that of Cooke and Wheatstone, in England, which was 
operated as early as 1837. The first telegraph exchange proposition was 
fourteen years later, and is presented in the form of a British patent No. 
13497 granted to a French inventor, F. M. A. Dumont, February 7, 1851. 
The plans of this patent were comprehensive and included a number of 
central stations in the same city united by trunk circuits. That is, each 
central station had lines converging to it from the substations of its own 
group; and each was also connected by trunks with the principal central 
station. Several forms of switchboard were shown and described, but in 
the arrangement evidently preferred by the inventor, each line entering 
the central station passed first to a two-point switch. The normal point of 
this switch connected through a call instrument to earth; and the other or 
operating point connected through a Dial or A. B. C. telegraph instrument 
to the switchboard proper, which was shown as comprising a number of 
circular boards having contact points arranged near the edge, and two 
switch levers pivoted at the center and in contact with each other. There 
were as many of these circumferential contact points as there were lines in 
the system, and the corresponding numbers on all of the circular boards 
were united by wires at the back of the boards. To unite any two lines for 
through transmission, the two-point switches were first moved from the 
call to the switchboard branches, and then on the circular switch of either 
the calling or called line the two central switch levers were turned to the 
contacts corresponding respectively to the two lines concerned. 
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This system was afterwards described in Blavier's Treatise on the Electric 
Telegraph, published in 1867, as being actually in use in France. 

Also at Colchester in the south of England and at Newcastle on Tyne, in 
the north, the British Post Office for many years prior to the telephone 
operated small telegraphic exchanges, employing Morse instruments in 
the former, and the Wheatstone A. B. C. Dial telegraph instruments in the 
latter system. 

Several systems of this kind were also in regular use within the United 
States. Probably the earliest of these was one operated in New York by the 
Private Line Department of the Gold and Stock Telegraph Company. This 
was organized in 1869, and survived until 1880 when its supersession by 
the telephone exchange, which had long been inevitable, came about. Its 
history was outlined to me in the autumn of 1881 by Mr. G. L. Wiley, at 
that time Assistant Superintendent of the Metropolitan Telephone and 
Telegraph Company, but who had previously held a similar position with 
the Gold and Stock Telegraph Company. 

At the time of its inception some twenty-five banks were connected by 
direct wires (one wire for each) with a central office of the Gold and Stock 
Company, at the Clearing House. The general business of that central 
office at first was to report to each bank in the system by means of 
printing telegraph instruments, its daily debit or credit balance, and to 
repeat to any bank, any message received for it from any other bank. But 
it also was the occasional practice to connect by means of a switchboard, 
(the Jones Lock Switch) the wires of any two banks desiring direct 
communication. 

In 1871 this central office was moved to the General Office of the company 
at 61 Broadway, and from that time until the system was superseded by 
the telephone exchange, by means of a pin switchboard, a suitable battery 
on a loop with terminal plugs, and a supervisory central printer, any bank 
was on request connected with any other bank, or with the Clearing 
House. The system was both useful and popular. All the wires were 
permanently connected each through its own relay to the switchboard and 
the relays during a through connection were left in circuit, and of course 
rattled and clicked, all the time that the two banks concerned were 
working together by their printing telegraph instruments. 

When the subscribers were finished and were ready for disconnection, 
they were instructed to make three long pulsations as a signal. But they 
were very much like the early telephone subscribers, and usually forgot it. 
However, when they failed to give the desired signal, and the relays were 
silent for some time they were disconnected without signal. 

When in 1881 I was compiling this information, I received many letters in 
relation to it, and among others one from Edward A. Calahan, the 
practical organizer of the "ticker" system; who said, 

"I find by referring to my diary of 1869 that on Saturday, April 10, 1869, 
the first bank instrument was placed in the Clearing House and 
twenty-seven banks were connected between that date and September 
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7th of the same year. ... At the time referred to, you may remember 
that in principle we were doing precisely what the telephone exchanges 
are now doing." 

During the later years of this particular telegraph exchange an offshoot of 
it, similarly constructed and arranged, was installed and operated at 
Pittsburgh by T. B. A. David, the agent there of the Gold and Stock 
Telegraph Company. But here as elsewhere a printing telegraph could not 
satisfactorily compete with the telephone, and in due season the system 
was superseded by and became the nucleus of a telephone exchange 
established in the interest and under the instructions of the Western 
Union Telegraph Company. 

During these years also there was a telegraph exchange employing Morse 
telegraph instruments, operated in Philadelphia. It was organized by the 
late Henry Bentley of that city as a personal business of his own; formed 
the nucleus of an early telephone exchange established at Philadelphia in 
the Western Union interest, which exchange later was merged with the 
Bell Exchange to constitute the Bell Telephone Company of Philadelphia. 
The switching apparatus used to connect these Philadelphia telegraph 
lines was for a number of years very crude; but in 1876 the Western 
Electric Manufacturing Company made for this system a standard Western 
Union pin switchboard. In this board each upright conductor was 
connected at its lower end through a springjack to the line leading to the 
subscribers' station. An adjustable resistance was connected in many of 
the lines to equalize their resistance; this being quite desirable when 
several lines were supplied from a single main battery. The horizontal 
switchboard conductors were grouped in pairs, with a battery in circuit 
permanently with each pair. 

The lowest cross conductor was not paired but was used as a ground plate 
to which all lines when at rest were plugged, a common battery being 
connected between this crossbar and the earth connection. 

Whenever two lines were united in this system for through communica- 
tion, their plugs were transferred from the ground plate to the two cross 
conductors of any pair, so that the circuit extended from one of the lines 
to one crossbar of the pair, then through the battery of that pair, and from 
thence to the other crossbar of the same pair, and out to the second line. 
To establish such a connection, a call coming in on the sounder of any line 
for any other line was answered as usual by the central office operator, 
and upon the calling subscriber stating his desire, his line was 
immediately switched to that for which he had called, and he was 
instructed himself to give the call of the wanted station. The subscriber, 
with whom communication was desired, hearing his call would respond 
to it, and the two would at once converse with each other telegraphically. 

But perhaps the best known of these pretelephone exchange systems was 
that of the Law Telegraph Company, New York. 

This was planned and put into operation either late in 1874 or early in 
1875, by William A. Childs, a gentleman of much enterprise and ability, 
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who became manager of the company, and who is at the present time a 
member of the Pioneers. His idea was at first merely to extend telegraph 
lines equipped with alphabetical Dial instruments from the New York 
Courthouse to the offices of lawyers, and other subscribers; but this plan 
was soon abandoned on account of the number of wires centering at the 
Courthouse that would be required . 

A new plan that then formed itself in the mind of Mr. Childs was to 
connect the offices of lawyers, and others, who would consent to join the 
system, by special and private lines to a central office, where there should 
be a switchboard, and auxiliary apparatus, to be manipulated by a force of 
trained operators in uniting any two of the lines on call. As in the first 
plan, the communicating instruments were to be of the alphabetical Dial 
type, the transmission being effected by keys corresponding to letters or 
other characters, and the reception of the message by a needle pointer, 
centrally poised and arranged to move within and around a dial indicator 
marked in correspondence with the keys. The characteristic feature of this 
system was the "call wire". In addition to the special telegraph wire of 
each substation, there was also this call or signal wire extending from the 
central station to a considerable number of subscribers' offices, looping 
into them one after another, and furnished at each with a Morse key and 
sounder, or a key alone. The key was a strap key with a back or resting 
contact only, and connected through this back contact with the call line in 
one direction, and through its own substance with the same line toward 
the other direction. The key when depressed acted to open the circuit of 
the "call wire" which was normally closed by being grounded both at the 
central office end and the outer terminal. At the central office the call 
circuit passed to ground through a key similar to those at the substations 
and also through a relay controlling a local circuit including a register and 
bell; the relay being arranged to close the register circuit through its back 
contact, so as to be responsive to the opening of the circuit by the 
substation keys. This "call wire" was used only for ordering connections 
and disconnections. 

The direct intercommunicating subscribers' line circuits were at the 
substation end closed to ground after passing through the magnet of a 
call-bell, but at the central station end were open when not in use, and 
terminated each in a flexible cord and plug which hung down loose over 
the face of the switchboard. 

The switchboard was a simple affair, consisting merely of a board with a 
number of metal connecting bars extended across its face, and painted 
with several different colors so as to be readily distinguishable. A 
considerable number of plug holes were also made in every bar. Each bar 
was divided at the middle of the board so that each was really a pair of 
bars in line with one another. Each pair had its own battery, furnishing 
working current for the Dial instruments, and the several batteries were 
permanently looped between the two bars of each pair. The direct Dial 
lines to the substations were not ordinarily connected with any battery, so 
that the object of the looped battery was to vitalize the Dial instruments. 
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The subscribers' stations were designated by numbers, and the calls and 
disconnections were always ordered by number; not by name. 

In the operation of this system when any subscriber desired to 
communicate with another, for example, 21 with 369, No. 21 would begin 
by pressing his key to transmit over the call wire the desired number 369, 
followed by his own number 21. This operation broke the circuit in 
conformity with the numbers transmitted, permitting the armature of the 
call wire relay at the central station to fall back and close the local circuit a 
corresponding number of times, repeating the call number upon the 
register or sounder. An operator at the central office, stationed always at 
the register, at once observed the recording of the called and calling 
numbers, and repeated them aloud, saying "369 for 21"; whereupon a 
separate operator, whose business it was to do the actual switching, 
would signal the wanted line by taking up the plug of 369 and bringing it 
into contact with a metal call current bar connected with one pole of the 
calling battery, which was grounded at its other pole. The plugs of the 
two lines concerned were then placed in holes of the two connection bars 
respectively of one of the pairs. A complete telegraphic circuit extend- 
ing between substations 369 and 21, through the common central 
station battery, was thus established. 369 and 21 would then communicate 
by means of the Dial instruments as long as they pleased, and when 
finished would order disconnection by means of the call wire, in the same 
way that the connection order was transmitted. 

This system is of considerable historic interest. Its essential principles 
were retained when, after the advent of the telephone, the "Law" company 
acquired the right from the Bell Telephone Company of New York to sub- 
lease a limited number of telephones, so that it might transform its 
telegraph exchange into a telephone exchange. This it speedily did, and as 
a telephone exchange it was operated successfully for a number of years. 
When thus operated the characteristic combination of the call and direct 
wires was still employed, but the Dial instruments being superseded 
by telephones, each substation was provided with a switch to transfer the 
substation telephones between the call and direct wires. The central 
operators at the call wire were also equipped with telephones, and 
listened for call and disconnect orders continuously; and later, a form of 
multiple switchboard was incorporated in the system, materially enhancing 
its efficiency. The "Law" system found favor with a number of the "Bell" 
operating companies; was for a long period of time installed in the 
Philadelphia Exchange; was extensively employed by the Southern Bell 
Telephone Company; was highly thought of by the late George F. Durant 
of the Bell Telephone Company of Missouri, being installed at St. Louis 
for many years; and a closely similar system was during 1883, and for a 
time before and after, also to be found in Oswego, N. Y., under the 
supervision of our fellow member, Mr. Martin ]. Joyce, whom I there 
and then met for the first time. 

Another interesting feature of the Law system was its use from the first 
of numbers to designate its subscribers, so that in operation, names were 
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never mentioned. This practice prevailed as previously noted, even in the 
telegraphic days of the system, and was continued when telephones 
were substituted for the dials, thus constituting a telephone exchange. The 
Law system was the first to thus employ numbers, and from it, the 
practice gradually spread to other exchanges; until its advantages 
being universally recognized, it is now adopted in telephone service all 
over the world. 

It is evident from the above references which Mr. Lockwood made to 
the early history of the telegraph that telegraph exchanges consisting of 
a number of lines convergent to a central office and arranged for inter- 
connection through a switchboard were not a new thing when the 
telephone was generally introduced commercially in 1877. It is also 
interesting to note that these telegraph exchanges formed a background 
from which the telephone exchange was developed. 

Telegraph exchange service, however, at the time of the introduction 
of the telephone, soon ceased to appeal to the subscribers since 
they favored the telephone. This was probably due to the fact that in 
order to use the manual "Morse" code of communicating the customers 
were required to spend considerable time and effort in learning the code. 
In the case of the A-B-C and most other systems, the communication 
was too slow. Although in the case of the printing-telegraph systems 
the written record was provided, the telephone was preferred because 
the early printers had not been developed sufficiently to be acceptable 
instruments to the subscriber. Commercially, the early telegraph ex- 
change systems, therefore, passed into the background. 

VIII. TELEGRAPH WITHIN THE BELL SYSTEM, 1876-1910 
8.1 Experiments of Alexander Graham Bell 

The equipments used in Alexander Graham Bell's experiments of 
1875 which resulted in the transmission of speech sounds were 
referred to as a harmonic telegraph transmitter and a harmonic 
telegraph receiver. These names reflected the fact that the telegraph 
had a well-established position as a means of rapid communication. 
What Bell was attempting to do was to establish a multiplicity of 
telegraph channels over a single wire. He proposed the use of vibrating 
tuned reeds, each resonating at a different pitch and producing undulat- 
ing currents, as the transmitting devices, and similar resonant reeds 
(or tuning forks) to respond at the receiving end. Bell saw that such a 
system sharing a single line wire would greatly reduce the cost of 
telegraph service. In recognizing the possibility of sending a number of 
different frequencies over a single wire. Bell foreshadowed by over 
40 years the development of carrier telegraph systems. 

By a happy accident. Bell discovered that a reed (or diaphragm) 
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that was not resonant (or was clamped) could respond to a range of 
frequencies and thereby transmit the human voice when driven by sound 
waves. Nevertheless, Bell's financial backers, Gardiner G. Hubbard and 
Thomas Sanders, urged him to concentrate on the telegraph experiments 
as having more promise for financial returns. For a time, work was 
continued on both telephone and telegraph fronts, and U.S. Patent No. 
174,465 covering both aspects was filed on February 14, 1876, and issued 
on March 7 of the same year. Anxious to get some return on the 
money advanced. Bell's backers later offered this and other key 
patents to the Western Union Company for $100,000, but were 
refused. It has been reported that two years later Western Union 
would have been willing to pay $25 million. 

It was soon realized that a new communication technique had been 
discovered and the term "telephone” was applied, based on the concept 
that sound was reproduced at a far-off location. After development of a 
satisfactory variable-resistance transmitter (microphone) the telephone 
became an instant success. It provided the equivalent of face-to-face 
conversation by extending each participant's mouth to the other's ear 
through telephone instrumentalities. Following the prior practice of the 
telegraph, a single wire using ground return was employed. In fact, 
the first demonstrations of telephony were performed by using 
existing single-wire, ground-return telegraph circuits. This usage was 
satisfactory for the earliest customers who typically had a permanent 
connection from a merchant's office to his home or warehouse. 

8.2 Bell System Policy — Dual Use of the Wire-Line Plant 

The Bell patent granted in 1876 disclosed the means of providing 
either telegraph or telephone communications over a wire line. Con- 
sequently the innovators and entrepreneurs of the period appreciated 
the economic and service advantages of utilizing wire-line outside 
plant dually for both services. This philosophy has been the guiding 
principle of scientists and engineers throughout the history of the Bell 
System. Plant arrangements have been designed and provided to enable 
telephone (voice) and telegraph (non-voice) communication services 
to be accommodated either dually or on an either/or basis over the 
extensive common wire-line and radio networks. 

8.3 Transmission Interference 

With expansion of telephone plant and the interconnection of 
cities it was necessary to mount a number of the single- wire, ground- 
return circuits on each crossarm of a telephone pole. It was then found 
that a person talking on one connection could be heard by a person 
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listening on the adjacent telephone connection. This phenomenon is 
known as "crosstalk” and is a typical "systems” problem. A single 
circuit was satisfactory but a complete system, involving a number of 
such single circuits in close proximity to each other, i.e., no longer in 
isolation, becomes subject to other natural laws. Crosstalk was greatly 
mitigated by using a second wire for the return current instead of the 
earth. This use of two wires for a single conversation was referred to 
as a metallic circuit, and since the very early days have been almost 
universally used for telephone communications in the Bell System. 

The problem of crosstalk continued to be acute as telephone lines 
were extended further and further. The solution involved an arrange- 
ment in which each wire of the second metallic pair was periodically 
reversed, i.e., transposed, in its position with respect to the first pair. 
This caused the crosstalk induced in the section following the reversal 
to oppose the crosstalk induced in the section before the reversal, 
thus canceling completely in the ideal case. The third metallic 
pair required transpositions with respect to both the first and second 
pairs. As more pairs were added the scheme became increasingly 
complicated. It is discussed in more detail in Section 5.3.1 of Chapter 4. 

8.4 Bell System Entry into Telegraph Private-Line Service 

The first ten years of expansion in the telephone business were 
confined to urban areas where the demand for service was greatest. 
Communication between cities was provided solely by means of tele- 
graph. Most of the telegraph service within the Bell System was on 
a message basis, but about 1879 private-line service was provided 
between New York and Philadelphia and also between New York and 
Boston. The telegraph lines terminated on the customer's premises 
and were available for his operators to use between specified hours 
of each working day. 

In 1886 the Bell System completed a long-distance telephone line 
between New York and Philadelphia, again reflecting the mercantile 
community of interest between those two cities. Because of contract 
licenses and technical difficulties this initial telephone service was 
provided between booths set up in public places. Some slight 
skepticism greeted the proposal by the Bell System that customers 
lease a private line and use it for either telephone or telegraph 
service. L. H. Taylor and Company, a brokerage firm, was the first 
customer. They expressed the belief that telegraph would be needed 
to insure reliability to the operation. Service started on January 15, 
1887, and it is interesting to note that 75 of the first 76 messages 
transmitted over the private line were telephone calls. 

Expansion of private-line telegraph service continued; next to Boston 
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on January 2, 1888, for the Globe Newspaper Company; and to Chicago 
on December 8, 1892, for the brokerage firm of Hubbard, Price 
and Company. In some cases the private line provided only telephone 
service, but in others arrangements were made for either telephone 
or telegraph, but not both simultaneously. 

Service on these early private telegraph lines was by Morse opera- 
tion over a ground-return circuit, a procedure which was to be followed 
until private-line service using printer operation was first introduced 
early in the twentieth century. 

8.5 Means of Providing Separate Telephone and Telegraph Circuits Over a 
Two-Wire Line 

The rapid and extensive growth of telephone service into all sorts of 
business offices and between many cities resulted in the building of a 
large wire plant. In order to provide private-line telegraph service over 
telephone wire plant used simultaneously for telephone, two means 
were implemented. 

The simplex network, first used on a regular basis in 1888, is 
analogous to the Wheatstone bridge. The transmitted telegraph 
signal is applied to the middle point of a large inductance called 
a retardation coil the two outer terminals of which are connected, 
one to each side, to the metallic telephone circuit. At the distant 
location the telegraph apparatus is connected to a similarly arranged 
retardation coil. At both ends of the telegraph circuit the apparatus 
was connected to ground, a procedure which was generally followed 
until 1919. These arrangements are shown schematically in Fig. 7-5a. 

The successful application of the simplex method depends on the 
assumption that the two halves of the retardation coil are identical and 
that the two telephone wires are identical. In that case the telegraph 
current is split exactly in half and these two halves oppose each 
other in their effects on the telephone apparatus, thereby canceling 
and having no net effect. In the real world it is not possible to 
produce identical halves and so it was necessary to establish tolerable 
limits or standards concerning the inequality, i.e., the amount of 
unbalance. In the early days these were pragmatically reached by judg- 
ments and experimentation. 

About 1900 a simplex circuit was developed which employed a 
4-winding transformer called a repeating coil. Two of the windings 
were connected in series, the outer points being connected to the tele- 
phone line, and the inner points being connected together provided the 
simplex connection for the telegraph apparatus. The remaining two wind- 
ings were connected together and inductively coupled the voice cur- 
rents of the line and telephone apparatus, and excluded the conductive 
current of the telegraph apparatus. Figure 7-5b shows this arrangement. 
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Fig. 7-5. A telephone line may be adapted for telegraph transmission without 
mutual interference by the use of a center-tapped induction coil, as at (a), or a trans- 
former with a center-tapped secondary, as at (b). (Redrawn from Hamilton 1945, Fig. 2) 

The simplex circuit provided one ground return telegraph channel for 
each metallic telephone circuit. 

The composite set was first used in 1892. It is an assembly of 
apparatus which enables each wire of the telephone pair to be used as 
a telegraph channel. Telegraph was considered to be a dc operation 
and voice was recognized as alternating currents. Therefore, a conductive 
path was provided for the direct current of the telegraph, but it was 
excluded from the telephone. Figure 7-6 is a circuit schematic of a 
composite set. 

Fig. 7-6. By using composite coils, a single telephone circuit can provide two tele- 
graph channels with no mutual interference. (Redrawn from Hamilton 1945, Fig. 4) 

TELEGRAPH TELEGRAPH 
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By 1910 the application of Fourier analysis revealed that frequencies 
up to 50 or 60 hertz made important contributions to digital- 
type telegraph signals. After Campbell's invention of the filter in 
1915 it soon became common to think of telegraph signals as occupying 
a low band of frequencies ranging from 0 to 80 hertz and the 
composite set was recognized as a low-pass filter. The analog-type 
voice currents occupied a higher band which was subsequently 
established as 300 to 3,200 hertz for good-quality telephone trans- 
mission. The telegraph apparatus was connected between the composite 
set and ground return. Since two telegraph channels were derived 
from one metallic telephone circuit, the composite had twice the ef- 
ficiency of the simplex arrangement in so far as the number of 
telegraph channels was concerned. 

8.6 Service Problems 

As the length of the open-wire telephone lines increased, the 
technical problems already mentioned became increasingly important 
and lines were often described in terms of being short or long. 
Neutral operation, in which current/no-current corresponded to 
marking/spacing, proved satisfactory up to about 1904 but was then 
replaced by bridge polar duplex on composited circuits. A ground- 
potential compensator was also developed to overcome differences in 
earth potential, which were sometimes caused by dc railways. This 
work was done in 1913. Another of the improvements made to the 
dc ground-return circuits during this period was the addition of a 
neutralizing arrangement to cancel the mutal interference, called 
crossfire, between the circuits of a group. 

As the length of a line was extended, a point was reached such 
that the addition of another section of line would cause errors due 
to the reduced current. To overcome this difficulty, a device, known as 
a single-line telegraph repeater, was inserted between the two 
sections of line. The repeater was first employed in 1892 and, initially, 
consisted of two simple relays. Each line section was connected 
through one relay winding and the front contacts of the other relay. 
A local battery was connected through additional windings and contacts 
so that transmission could always take place from an open-circuited 
line to a closed- circuited line. The circuit schematic of the repeater is 
shown in Fig. 7-7. This repeater was a simple device that served 
very well for Morse operation with signaling speeds of about 10 to 
12 dots per second. Although it would send forward a full value of 
the signal current, it could make no correction for changes in the 
duration of marks and spaces. (These changes are called timing errors 
and result from distortion of the waveshape of the modulated dc signal.) 
As a result, the employment of more than a few repeaters in tandem 
would cause transmission errors due to accumulated timing errors. 
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Fig. 7-7. Simplified schematic of a single-line telegraph repeater. (Redrawn from 
Hamilton 1945, Fig. 6) 

Repeaters were initially used to extend the range of operation and 
were standardized in 1893, a year after initial trial. They were later 
employed for connecting together dissimilar facilities, especially in 
setting up private-line telegraph networks, and for connecting the 
customer's loop to the trunk line. This use of the repeater permitted 
instant reversal of the direction of transmission in a half-duplex 
operation, i.e., one where transmission is in one direction at a time. 
This application of the repeater gave the Bell System a substantial 
advantage over its competition in private-line service. 

In 1905 a New York-Pittsburgh-Chicago-St. Louis circuit was 
considered to be a very large network and was in fact difficult 
to keep in satisfactory operation. Maintenance was a constant 
problem, requiring the attention of skilled men. With the passage of time, 
semiautomatic keys raised the signaling speed, until by 1905 it 
had reached 16 to 18 dots per second. 

8.7 Establishing and Maintaining Private-Line Networks 

As covered earlier, from the beginning the Bell System recognized 
the value of utilizing its local and intercity wire-line plant for various 
forms of public telephone and telegraph services. However, from 
the time of Alexander Graham Bell's experiments which demonstrated 
the feasibility of voice telephone service, public acceptance and demand 
for telephone service far exceeded that for telegraph. This was 
mainly due to the fact that suitable telegraph instruments (printers) 
were not to become available for general public use until about 1910. 
Communication over telegraph networks was by Morse telegraph. 
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which required special training of operators. Consequently, until around 
1910 the Bell System restricted its development of Morse telegraph 
service to that involving private-line networks in contrast to the 
telephone service which from the start became a public universal 
switched service. 

In telegraph service the Bell System followed the precedent of 
telephone service by owning and maintaining the equipment at 
the customer's premises. It was necessary therefore to have a general 
plan which would facilitate access to the lines and loops which termin- 
ated in the telegraph sets. This was accomplished by having a 
common location, generally in the telephone office, where the lines, 
subscriber loops, repeaters, batteries, and testing apparatus terminated 
on jacks and plugs. Various testing arrangements could then be set 
up by plug-ended cords. The telegraph equipment and lines were 
tested at the telegraph test board. In cases where lines were found 
faulty the troubles were reported to the maintenance forces who 
used telephone test boards to locate and clear the troubles. 

In the early days the testing arrangements were handled on a job 
basis and consequently varied from one location to another. Often 
they were associated with the arrangements for setting up and changing 
the private lines. Later they were often close to or part of the 
telephone test board. The continuing growth of Morse telegraph 
private-line service reached such proportions shortly after the turn of the 
century that it was deemed desirable to standardize a test board 
which could serve all the larger cities. It would then be possible to 
manufacture and stock the boards, and then install them on order, with 
a minimum amount of engineering. 

The first of these standardized test boards was called the No. 4 
Morse Board. It came into service about 1910 and was of the single- 
position-switchboard type. Subscriber loops and test equipment were 
terminated on plug-ended cords in the keyshelf. Jacks in the upper 
part of the vertical panel gave access to lines, positive and negative 
battery, and repeaters, and were connected to jacks in the lower part 
of the panel into which the subscriber loops and testing equipment 
could be plugged. Several subscribers could be connected if required. 
Double-ended patching cords were used to set up desired testing 
arrangements. A simplified circuit schematic of the No. 4 board is 
shown in Fig. 7-8. 

8.8 Status of the Telegraph Business in the United States in 1910 

Growth of the telegraph business in the United States from its 
introduction by Morse during 1844 and on through into the twentieth 
century has been highlighted in Section V. During the late nine- 
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Fig. 7-8. Simplified schematic of No. 4 Morse Board. (Redrawn from Wier 1935, Fig. 1) 
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teenth and early twentieth centuries, telegraph communication services 
had become a most important means of transmitting information in 
fields of banking, business, government, railroads, and news gather- 
ing, and in the sector of the private citizen when expedited record 
communications were desired. It became a preferred mode over 
mail services. During this adolescent period in the growth of tele- 
graph in the United States most of the services were furnished by 
the Postal and Western Union Telegraph Companies and by the Bell 
System. The telegraph companies were competing strongly for public 
"message telegram" business and for the private-line business of heavy 
users of the service. Meanwhile, the Bell System restricted its service 
offerings to private-line customers. Although there continued to be a 
limited number of small companies who were competing for both types 
of business, their survival was to be short-lived because they could 
not afford to build wire-line plant and operating and test centers 
in duplication of those owned by the large telegraph companies and 
by the Bell System. 

As will be covered in the next section, the telegraph printer 
had not as yet been adopted for use by Bell System customers. 
Nonetheless, where large amounts of information needed to be dis- 
seminated in an expedited manner, such as press association news 
and the like, the professional telegraphers in employ of the users were 
capable of transmitting and receiving information, and in turn recording 
it on a typewriter, at a continuous rate of as much as 35 words 
per minute. These expert telegraphers became capable of this high 
attainment by using semiautomatic key senders ("Bug Keys") to 
transmit the information in a code known as the Phillips code (named 
after its compiler). Abbreviations for common words and groups of 
words within the basic Morse code were used (example: POTUS for 
President of the United States). During reception the receiving 
operator transcribed the Phillips-code aural signals into full English text 
on a typewriter. 

At the turn of the twentieth century the classical method of 
furnishing public message-telegraph service, i.e., the telegram, had be- 
come ubiquitous within at least the large communities throughout 
the United States. The Postal and Western Union Telegraph Companies 
were formidable competitors in promoting the service particularly 
within and between metropolitan areas. Both companies had established 
operating and test centers at which their respective open-wire inter- 
connecting plant was terminated. The telegraph companies employed 
boy messengers to pick up and deliver telegrams offered by the 
public. Alternately, whenever the customer preferred to dictate his 
message to the telegraph business office via telephone, the delay of 
messenger pickup was avoided. 
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IX. ADVANCES IN NON-VOICE SERVICES WITHIN THE BELL SYSTEM, 
1910-1925 

During the late nineteenth and early twentieth centuries, the Bell 
System concentrated on development of its telephone business. Mean- 
while there was relatively limited activity on development of its Morse 
telegraph private-line business. Many scientific and engineering ad- 
vances were made to improve telephone services. They were applied 
to the open-wire and cable plants, to customer station arrange- 
ments, to switchboards and systems located in central offices, and to 
facilities located in test and maintenance centers. The technical ad- 
vances made and applied to the telegraph plant were limited to 
those described in previous sections of this chapter. 

At the turn of the century a majority of the local telephone 

operating companies that comprise the present Bell System had 

come under general management of the American Telephone and 

Telegraph Company and the Western Electric Company had been 

acquired. The Long Lines Department of AT&TCo had the responsibility 

of building, maintaining, and operating interregional plant and of 

providing long-distance telephone and private-line Morse telegraph 

1 

services. Headquarters Engineering within AT&TCo performed the 
function of coordinating Bell System construction programs, conducted 
communication research, and specified characteristics of new products 
and changes in existing products needed by the operating companies. 
Headquarters Engineering within the Western Electric Company was 
responsible for research and development programs including design 
of products for manufacture by Western Electric for subsequent use by 
the Bell System. 

During 1910, under the able guidance of Theodore N. Vail, a 
grandson of Alfred Vail, the American Company acquired sufficient 
stock in the Western Union Telegraph Company to have a controlling 
interest. Western Union had at that time become the largest of the 
competing telegraph companies engaged in furnishing public telegraph 
(telegram) service and in the provision of private-line circuits for 
Morse telegraph use. Evidently higher management of both companies 
viewed the acquisition as being of advantage to both companies 
and to the public. The extensive wire plants of the two companies 
became available for either telephone or telegraph services and the 
scientific and engineering effort and advances being made by both 
companies could be brought to bear toward development and introduc- 
tion of new telegraph services. 

This acquisition of Western Union by AT&TCo and knowledge 
that there was a sizable public demand for a printing-telegraph 
communication service may be regarded as a turning point in Bell 
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System policy as regards development and promotion of non-voice 
communication services over its wire-line network. The impetus was 
provided for development and introduction of a variety of products 
and systems for application within the plants of the Bell System and 
for use by its customers on their premises. There were indeed 
many advances made and applied during the two decades beginning 
around 1910. These will be described in the remainder of this chapter. 

It is of interest that, due to legal problems, the intercorporate 
ownership and management relationships between Western Union and 
AT&TCo were terminated about 1914. However, by that time the de- 
velopment programs that were to lead to provision of multiplex telegraph 
and start-stop private-line printing- telegraph services were well along. 

Figure 7-9 shows the growth of Bell System private-line telegraph 
contract mileages from 1890 through 1927. The growth of manual tele- 
graph milage until 1910, although steady, was restricted to the use of the 
relatively unstable dc grounded telegraph facilities. As mentioned above, 
1910 marked the turning point in Bell System policy regarding develop- 
ment and promotion of non-voice communication services over its 
wire-line networks. The effects of this new policy on growth are 
clearly shown by the data in Fig. 7-9. 

9.1 Start-Stop Printers and the Multiplex Printing-Telegraph System 

Following acquisition of Western Union by AT&TCo, Bell System 
management directed attention to modernization and expansion of its 
telegraph business. It was decided to follow the same procedures 
that had been successful in development of the telephone portion of 
its business. It was clear that a family of printing-telegraph machines 
having the same convenience in handling record communications as 
telephone sets provided for telephone communications were needed. It 
was also evident that the standards of performance of such machines 
in customer private-line networks would need to be high and the 
overall cost of the service to the users should be consistent with that of 
the existing Morse telegraph private-line services. 

Investigations and studies that followed led to the conclusion that 
none of the printing-telegraph machines in use or being offered by 
suppliers would be suitable. Accordingly it was decided that the Western 
Electric Company should undertake development of such machines. 
The American Telephone and Telegraph Company initiated the first 
of these development programs in the form of a work order dated 
August 1, 1909, assigning the Western Electric Company to "the devel- 
opment of a page printing telegraph system for use on cable circuits of 
moderate length." Following soon thereafter. Western Electric was 
authorized to develop a multiplex printing- telegraph system. 
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Fig. 7-9. Bell System private-line telegraph contract mileages, 1890-1927. 


Sections 9.2 and 9.3 describe the principles of start-stop printer and 
multiplex printing system operations and highlight the programs 
engaged in by AT&TCo and Western Electric over the period beginning 
during 1909 and extending into the latter part of the decade of the 1920s. 

9.2 Start-Stop Page Printer Developments 

The first design resulting from the authorization of August 1, 1909, 
was a type-wheel page printer using ink rolls. The type wheel was 
actuated by a spring which in turn was wound by an electric motor. 
Two models were built, but tests made in 1910 showed that the per- 
formance was unsatisfactory. 

At about this point it was realized that a page- type telegraph printer 
was a complicated piece of machinery that would require serious 
design effort if it were to meet rigid standards of performance and re- 
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liability. The first step in meeting the needs was to establish a clear 
definition of the requirements which the machine should meet. In 1911, 
engineers at AT&TCo and Western Electric agreed to the following five 
items: 

(/) Would operate over 10 miles of cable 

(//) Must use standard-width paper (presumably 8 V 2 inches wide) 

(in) Would always be attended by an operator 

(iv) Must be highly accurate ("accuracy is vital") 

( v ) Would operate at a speed of above 20 words per minute. 

Looking backward in time, the stated requirements seem lenient, but 

when issued they were realistic and quite beyond the existing state of 
the art. The American Company and Western Electric were now com- 
mitted to an earnest effort to provide reliable page-printers for use by 
customers of Bell System private-line telegraph service. Later, after 
improved machines were available, it was natural to extend the range of 
service. This need focused attention on the characteristics of the lines and 
resulted in objective methods for rating the telegraph lines and estab- 
lishing satisfactory performance. It also brought about the regenerative 
repeater. These items will be discussed in subsequent sections. 

The period from 1910 onward was one of rapid change as well as 
great difficulty in deciding the optimum procedure for handling the 
telegraph business. There were several companies in the business of pro- 
ducing machines, each with its own strengths and points of view. There 
was rapid growth and extension of the telephone plant with attendant 
effects on the performance of the printing machines, and there also was 
new technology entering the telephone plant. Insofar as the page printers 
themselves, there were questions of printing wheel versus type bars, 
moving versus stationary paper-carriage or its opposite: stationary versus 
moving type, and inking roller versus ribbon. There also were problems 
of paper feed, carbon copies, simple copy or billing forms and invoices, 
and a whole host of items important to the several types of users of 
telegraph private-line systems. 

In such a rapidly changing scene it was difficult to foresee the ultimate 
objective. The expense of making radical changes with possible mistakes 
was too large to gamble. Consequently, improvements were incremental 
in nature, followed by new demands and more changes, all being modi- 
fied by advances in telephone technology. 

9.2.2 Short-Line Page Printer 

Late in 1911 an improved short-line page printer, known as the cross 
magnetic printer, was produced. This machine used electromagnets and 
relays, and required two wires for operation. In 1912 the Western Electric 
Company produced 12 of these machines at an estimated cost of $200 
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each. Ten were installed by Western Union between main and branch 
offices. The other two were put on test between two offices in the Bell 
System. Experience with these machines focused attention on the need 
for a number of improvements in page printer design. 

Work was started on two models of a short-line page printer in 1913 
using the multiplex machine, which will be described later, and a so- 
called stepping distributor. Tests, which continued until mid-1915, 
showed performance of the short-line printer to be inferior to the 
two-wire cross magnetic printer which had earlier been placed in 
service by Western Union and the Bell System. 

Once again customer demand ran ahead of available service and 
prompted further development. Three press associations requested the 
following short-line-printer services for distribution of news in the New 
York City area: 

(i) United Press wanted one-way service from its New York Bureau 
Office to six receiving stations. 

(ii) International News Service requested one-way service to five 
newspapers, including New Brunswick and Asbury Park, New 
Jersey. 

(Hi) Associated Press desired a circuit from its Bureau Office in New 
York to two newspapers in Newark, New Jersey. This service 
was to have both perforated-tape and direct-keyboard sending 
at the Bureau Office with a telephone circuit on the same pair 
of wires for return communications. 

There was no inventory of equipment at the time of the first request 
so work was pushed to produce the needed machines, including im- 
provements which could be made based on the experience to date. The 
United Press service was hooked up to New York Telephone Company 
circuits in November 1915. This date, then, marks the beginning of 
private-line page-printer service. 

9.2.2 Start-Stop Printer and Regenerative Repeater Principles 

At this point a review will be made of some of the principles and fac- 
tors that related to the operations of start-stop printers and regenera- 
tive repeaters of that period. 

A five-unit binary code was employed. There were two and only two 
possible values, such as current/no current, or black/white. If a pack 
of five cards, each of which is black on one side and white on the other, 
is available, then it is readily shown that there are 32, i.e.,2 5 , patterns 
in which the five cards can be placed from left to right. In the case of the 
telegraph printer, the five units were short time intervals whose duration 
(in milliseconds) depended on the speed of sending (in words per 
minute); thus the interval was 33 ms for 40 wpm, 22 ms for 60 wpm, and 
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18 ms for 75 wpm . In each of the five time elements of the code there were 
only two possible conditions, and one of these was chosen: either the 
presence or absence of a current impulse. 

Typical telegraph-printer copy contained the 26 letters of the alphabet, 
ten digits, and a variety of punctuation marks and other characters, all 
of which added up to considerably more than the 32 patterns in the five- 
unit code. The apparent discrepancy was resolved through use of the 
shift key. The alphabet was printed only in capital letters in the usual 
lower-case or "LTRS" position of the keyboard. The upper-case or shift 
position was called "FIGS" and had all the remaining characters. The six 
codes available after coding the 26 letters of the alphabet were used for 
instructions to the typewriter. They were ( i ) line feed, (ii) space, (Hi) 
carriage return, (iv) letters, (i>) figures, and ( vi ) blank. 

Operation of a key on the keyboard caused five contacts to close (or 
open) according to the code of the depressed key, thus connecting (or 
not connecting) battery to the segments of the sending distributor. 
The signal could be sent directly into the telegraph line or it could be 
sent to a tape perforator, which punched holes in a paper tape for later 
transmission to the line. 

Figure 7-10 shows the code, in the form of a perforated tape, for each 
letter, digit, fraction, punctuation mark, and other character. Figure 7-11 



Fig. 7-10. Five-unit start-stop printer code. (Redrawn from Watson 1938, Fig. 1) 



Fig. 7-11. Start-stop printer keyboard. (Redrawn from Watson 1938, Fig. 2) 
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shows the keyboard and the symbols corresponding to the LTRS and 
FIGS positions. Unlike the usual office typewriter, there were only three 
rows of keys instead of four. 

In the start-stop scheme the five-unit code was preceded by a start 
pulse of the same unit length and followed by a stop pulse which, when 
a sending machine was running at a uniform rate, was 1.42 times that 
of the others. Today the stop pulse is generally 1.50 times the unit 
length. 2 These seven pulses were represented by circular segments on a 
sending distributor (see Fig. 7-12) and they were connected by a rotating 
brush to an inner ring contact which was connected to the line. In a 
synchronous system only five segments were needed, and so the two 
segments represented a loss in transmitting efficiency which was the 
price paid for the start-stop method of maintaining accurate response 
of the receiving printers. The rotating brush was normally held sta- 
tionary by a latch. When the latch was released, the brush was driven 
by a shaft through a friction clutch, making one rotation and again 
becoming latched by the stop pulse. The depression of a key set up the 
codes on the five contacts shown at the bottom of the sending distribu- 
tor of Fig. 7-12, thereby putting the proper condition on the segments 
over which the brush traveled. Figure 7-13 shows the current condition 
on the line when the letter A was transmitted. At each receiving station 
a similar latched brush was released by the arrival of the start pulse (an 
open from the line) and rotated in approximate synchronism with the 
transmitting brush for one turn; hence each transmitted pulse was 
distributed to the proper receiving magnet of the printer. 

To insure constant speed for the driving motors, use was made of 
centrifugal governors in the earlier models. Later models took advantage 
of the constant frequency of the 60-hertz power systems and used syn- 
chronous motors. Figure 7-12 shows sending and receiving stations 
connected together by a telegraph line. A given private-line network 
might have a dozen or more receiving stations, of which the most remote 
might have been as much as several thousand miles away. The time of 
transmission depended on the combination of facilities used; and the 
speed of these could vary from 20 to 120 miles per millisecond. The 
great advantage of start-stop operation was that no matter how long it 
took the start pulse to arrive, the five units of the code would follow 
sequentially and the brush would stop before arrival of the next start 
pulse. Start-stop operation thereby brought flexibility to network opera- 
tion, making it possible to add or subtract stations from the network with- 
out requiring adjustments. Small differences in motor speed did not 
seriously affect operation, but it was usual to keep variations within 
±0.75 percent. 

2 The lengthened stop pulse enabled bringing a system back into proper phase in case 
of a loss. 


SENDING STATION 


RECEIVING STATION 




Fig. 7-12. Simplified diagram of start-stop system. (Redrawn from Watson 1938, Fig. 3) 
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CURRENT 


NO CURRENT 



COMPLETE SIGNAL 


START 



TIME 


Fig. 7-13. Line signal for letter A. (Redrawn from Watson 1938, Fig. 4) 


The selecting magnets of the receiving distributor were connected to 
rather small segments in the outer ring and there were large blank seg- 
ments. The pulses of the code were generally distorted, sometimes on the 
leading side and sometimes on the trailing edge. However, the center 
of the time interval provided ample margin to give a true indication of 
the presence or absence of a pulse. Accordingly, a short sample was 
taken at the middle of each time interval (short segment) and the re- 
mainder of the interval (blank segment) was ignored. After the five 
elements of the code had been received, the printing magnet was ener- 
gized by passage of the rotating brush, and the typebar made its imprint 
on the paper. 

The commutator nature of start-stop operation shown in Fig. 7-12 
did, of course, have the problems associated with wear. In later machines 
the brush and segmented-distributor were replaced by simple mechani- 
cal devices, sending contacts and a single receiving magnet. They 
operated in essentially the same manner, but were cheaper to manu- 
facture and, most important, they improved the reliability and reduced 
the maintenance. 

The nature of the five-unit-code regenerative repeater will be clear 
from the above discussion of start-stop operation. The receiving dis- 
tributor identified the incoming code and delivered the information to a 
transmitting distributor which rotated in synchronism to send out 
pulses of the proper duration. Since the incoming pulse was not identi- 
fied until the midpoint of its time interval, each regenerated outgoing 
pulse was delayed by approximately half the duration of a pulse in 
passing through the repeater. 

Whenever a dc pulse was transmitted over a telegraph line its shape 
would be altered compared to the idealized shape that would be ex- 
pected from the simple make and break of the transmitted signal. The 
change from the ideal shape is called distortion, and it depended on the 
equipment, the line, and also interfering effects from sources outside 
the telegraph system. 

In Morse operation the effects were subjective and varied from one 
operator to another. The skill of the man receiving could compensate 
for a considerable amount of distortion, and he was aided by his knowl- 
edge of the English language in forecasting the next letter of ordinary 
copy. In printer operation the machine did not have any such innate 
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ability; but its performance could be fairly well predicted from its design 
and adjustment. The effects of distortion could be considered in 
terms of the shortening or lengthening of the signal pulse. If it ap- 
proached 50 percent of the pulse duration, the sample taken at the 
midpoint of the pulse interval would be in error and hence the code 
would be misinterpreted by the printer. 

9.2.3 The All-Purpose Page Printer 

Inquiries about service possibilities focused attention on the fact that 
there was need for a long-line duplex page printer. Requirements set 
forth in 1915 stated that the system should operate over long-distance 
telegraph circuits of the Bell System with all the flexibility obtained by 
Morse operation in private-line service, i.e., operate on a network with a 
large number of stations in such a way that any station could break and 
take control for sending. In addition, there was to be provision for a spare 
machine at each location, a home copy of messages sent, and provision 
for multiple received copies. 

It was a period of considerable tribulation. The stepping distributor 
was proving unsatisfactory and it was decided to develop a start-stop 
distributor and to make the short-line printer and the long-line duplex 
printer identical. There were a variety of mechanical problems of noise 
and wear due to the violent action of the electromagnets in the printer 
as well as troubles relating to paper feed, inking of characters, and 
provision of satisfactory printed records. There were also electrical circuit 
problems including that of fire hazard. It seemed best to undertake a 
completely new design effort in the middle of 1916. The new printer 
would have a stationary paper-carriage, use type bars with an inking 
ribbon, make multiple copies, use cam-controlled mechanical action 
rather than electromagnet action, and have reduced noise, good appear- 
ance, and a speed of 60 words per minute. The objective was to drastically 
reduce maintenance to the point where a routine visit required for lubri- 
cation would be sufficient. Realization of these goals was still a long 
way off. 

In 1917 a pioneer long-line duplex network operating at 42 words per 
minute was installed for the Associated Press between New York and 
Boston, with intermediate stations. On the opening day the AP estab- 
lished a Morse wire network in parallel with the printer network to 
guarantee delivery of the news in case the printer failed to operate 
satisfactorily. The fastest telegraph operator in the New York office was 
put on the Morse wire. He soon was ahead of the printer operator, 
which was a great disappointment to the printer people observing the 
operation. However, it was later admitted that the receiving operators at 
the newspapers on the network were unable to copy the high-speed 
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Phillips code being sent from New York, and quit trying. Consequently 
the trial ended with nothing available but copies of the news taken from 
the printer. 

Operation of the AP network provided experience leading to improve- 
ments for testing and maintaining the lines and equipment and for 
handling emergency situations. It also provided those engaged in the 
design of the all-purpose page printer with information regarding per- 
formance of the early model in service. 

It is of interest at this point to mention that by 1919 sufficient 
progress had been made in transmission technology to insure that an 
all-purpose page printer operating at 60 words per minute could be used 
in either local or intercity networks with equal assurance that the quality 
of transmission would be adequate. The dc metallic-telegraph system, 
introduced during 1918, came into use to provide reliable transmission 
of printer signals over a composite circuit derived from two pairs within 
moderately long intercity cables. The open-wire carrier telegraph sys- 
tem, introduced during 1919, provided ten suitable telegraph circuits 
over a 2-wire open-wire line. 

During the 1918-1923 period. Western Electric incorporated improve- 
ments in the electrical and mechanical units making up the overall design. 
Flexibility for association of the various apparatus units comprising each 
complete installation was also provided in order that each installation 
could be tailored to meet the specific service needs of the user. Two cate- 
gories of sets were found desirable; these became known as the 12-type 
set and the 13-type set. Subsequently, both types served well in meet- 
ing various customer demands for page-printer services. They were used 
extensively well into the decade of the 1930s, when improved designs 
came into use. These designs will be described later in this chapter, and 
in a subsequent volume of this history. 

The 12-type set (Fig. 7-14) was usually used to furnish combined 
keyboard-sending and receiving service. For this service each installation 
required the following units: 

12A printer 

12A or 12B printer base 

12A printer stand 

12AL or 12AH keyboard distributor 

12A, 12S, or 12S (modified) printer cover 

215A relay 

71510 or 71508 motor generator (for ac sets — to provide direct current 
for magnets of the printer). 

If the installation was to be used for receiving-only service, a 12AL or 
12 AH receiving distributor would be provided as a substitute for the 
12AL or AH keyboard distributor. 
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Fig. 7-14. The 12-type printer set. 


The 13-type set was designed to furnish both automatic-sending 
(perforated tape) service and keyboard-sending service as well as receiv- 
ing service. Although the 13-type set could be arranged to provide 
keyboard-sending-only service or receiving- only service, the 12-type 
set was preferable because of its lower cost. 

Each installation of the 13-type set required the following units: 

12A printer 
13A operating table 
5A or 5B distributor 
10 A relay box 
5A perforator transmitter 
IB telegraph transmitter 
10A distributor cover 
13A printer cover 
215A relay 
5A copy holder. 
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9.2.4 The Western Electric Tape Printer 

As discussed in some detail on the preceding pages, beginning during 
1909, AT&TCo and Western Electric placed great emphasis on the design 
and supply of various models of page printers for use by customers of 
its private-line services. These machines fulfilled the communication 
needs of those customers whose message traffic was amenable to record- 
ing in page form. However, others, such as stockbrokers, whose com- 
munications were inherently short, the record of which needed to be 
acted upon expeditiously, felt the need for the message to be recorded 
in tape rather than page form. Consequently, during 1920, Western 
Electric produced a model of a simple start-stop tape printer the keyboard 
of which contained features to permit the printer to be used in networks 
containing start-stop page printers. Its design also permitted interfacing 
with the multiplex printing-telegraph system, the description of which 
is included in Section 9.3. 

9.2.5 The Regenerative Repeater 

The growing demands for extended private-line networks comprised 
of several stations equipped with start-stop printers raised requirements 
for a repeater, requirements which could not be met by the single-line 
telegraph repeater in private-line Morse telegraph networks. A mechan- 
ical start-stop regenerative repeater, the principles of which are de- 
scribed in Section 9.2.2, was developed in time to permit introduction 
into the telegraph plant during 1925. 

Whenever a telegraph line was extended almost to the point where 
errors would result from any additional line, the start-stop repeater would 
be inserted. It would correctly interpret the distorted incoming pulses 
and send forward full-current-value pulses with correct timing, thereby 
completely removing any distortion introduced by the previous section 
of line. This concept of using a regenerative repeater at a point in the 
line where the detected signal was substantially error-free removed the 
limitations of length and complexity in establishing private-line net- 
works for start- stop printer service. 

9.2.6 The Cipher Printing-Telegraph System 

During World War I, agencies of the U.S. Government, including its 
military forces, became quite alarmed because of the inadequacies of the 
"code book" method of enciphering Morse-telegraph and printing- 
telegraph communications. Regardless of the care used in developing 
the codes and the frequency of practicable change, expert cryptologists 
were able to decipher "secret" messages within a period of a few hours. 

Gilbert S. Vernam, an AT&TCo engineer who was skilled in tele- 
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graph-printer technology, conceived of a means for automatically en- 
ciphering printing-telegraph messages on a character-by-character basis 
and, in turn, automatically deciphering them at the receiving end of a 
printing- telegraph circuit. The means of enciphering utilized the 
methodology of automatically mixing the five-unit code of each plain 
text character with a five-unit character code derived from a random 
non-repetitive source. The methodology provided a major breakthrough 
in the science of cryptology. 

During May 1918, AT&TCo and Western Electric engineers started 
development of a printing- telegraph system having capabilities of 
automatically enciphering and, in turn, deciphering messages on a 
random non-repetitive basis. The system included an automatic machine 
perforator that was developed for the purpose and other Western Electric 
printer apparatus that was available at the time. The first systems came 
into use during 1918 in furnishing Government services between 
New York, Washington, D.C., and Newport News, Virginia. A large 
number were ordered for use by the American Expeditionary forces 
in France but were not delivered because of the Armistice. 

Following the war, work was continued in a move to improve the 
system. Models of a simplified printing- telegraph cipher set utilizing 
a tape printer and a combination keyboard perforator and machine 
perforator were made. However, the apparatus never reached the 
manufacturing stage because of the lack of interest on the part of 
Government and public for hardware capable of handling secret 
communications during peacetime. Nevertheless, Gilbert Vernam and R. 
D. Parker conceived of a number of novel ways of implementing 
the random non-repetitive mode of encrypting and decrypting 
and obtained patent coverage of their ideas. 

The disclosures in the inventions revolutionized the science of 
cryptology not only in the United States but throughout the world. 
During World War II the Western Electric Company and the 
Teletype Corporation became suppliers of a number of types of 
"secret" telephone and telegraph systems and of printing-telegraph 
apparatus for use by the U. S. Government and its allies in handling 
global communications. Readers are referred to a later volume of this 
history for a review of the systems that were provided during the 
World War II period. 

9.3 The Multiplex Printing-Telegraph System 

Development work on a multiplex telegraph system was started 
by Western Electric during 1912 primarily to meet the needs of the 
Western Union Telegraph Company. The system was intended to permit 
most efficient use of a telegraph line facility in transmission of a large 
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volume of public “message telegram" traffic. The large amount of traf- 
fic passed over such lines between Western Union message centers ac- 
centuated the importance of obtaining a highly efficient use of the lines. 

The multiplex system developed by Western Electric employed the 
Murray form of five-unit Baudot selecting code in such an efficient 
manner that the 20 selecting-code impulses required within the four- 
channel system obviated the need for additional impulses to main- 
tain synchronism between the signal distributors located at the two 
ends of each line. 

The general principles of operation of the system are shown on 
Fig. 7-15. The figure shows the four-channel system with associated 
sending and receiving printing apparatus at each end of a line. Assume 
that transmitter A at station X is sending to printer A at station Y. 
The transmitting-distributor brush arm at station X is rotating in 
synchronism with the receiving-distributor brush arm at station Y and 
the relative position of the two brush arms is so maintained that 
the pulse sent when the transmitting brush at X is on segment 1 
arrives at station Y just as the receiving brush is passing over segment 1. 
In this way all five pulses necessary to select a character are 
transmitted to printer A. The brushes then pass to transmitter and 
printer B and a character is transmitted in the same way to B and to C and 
D in turn. The mechanical operations of the printing are carried out 
during the interval when the circuit is being used by other channels. 

The segments of the receiving distributor are narrower than those of 
the transmitting distributor so that the pulse which operates the 
receiving mechanism is taken from the center of the received pulse, 
thus minimizing effects of distortion. 

The complete system, including page printers, keyboard, paper-tape 
perforators, tape transmitters, and receiving perforators, in addition to 
the multiplex distributors, was delivered to Western Union late in 
1912. The page printers, like the multiplex distributors, employed 
the Murray form of five-unit Baudot code, with selecting levers 
dropped into slots in disks. The printer, coded IB, was designed 
to operate in a speed range of up to 60-65 words per minute. 

To insure accurate and efficient use of the complete system, messages 
were typed out in advance and recorded in perforated-tape form for 
later feeding into the tape transmitters associated with the respective 
sending channels of the multiplex distributors. 

In 1913, five sets of multiplex equipment were produced and 
delivered to Western Union for use on its New York-Boston route. 
Demand continued and by 1916 Western Union had 26 multiplex 
circuits in operation and orders for 25 more. Since some of the 
multiplex circuits had way stations between repeater points, a develop- 
ment known as “forking" was undertaken in 1916 to serve them. 
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Fig. 7-15. Simplified diagram of multiplex system. (Redrawn from Notes on Telegraph Engineering , AT&TCo 1929, Fig. 3) 
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The American Company and the Western Electric Company estab- 
lished a trial of this equipment, between New York and Chicago, which 
was discontinued in 1918. In 1920, however, regular service was 
established, each company using one channel for its own business. 

Increased operating experience indicated areas of possible improve- 
ment and these were taken care of in 1922. A cost study, made in 
1923, showed that the multiplex system provided the most economical 
means of transmitting a large amount of traffic. 

Beginning in 1926, a review of this system brought out that there was 
some difficulty with maintaining synchronism, maintenance was 
greater than desired, and there was a lack of flexibility in adapting 
the system to network service. Consideration was given to simplifica- 
tions in the forking arrangement, the possible application Q f start- 
stop techniques, and other improvements. To achieve the desired 
improvements would have required a major development with a high 
cost in money and manpower. In view of the lack of definitive 
demand for a radically new system, no further active work was 
undertaken. A factor in this decision was that the rapid development 
of the telephone plant created an abundance of telegraph facilities, 
and since the speeds were comparable there was no real pressure for a 
new multiplex system. In Europe, on the other hand, there was a greater 
development of multiplexing because of the more limited telephone 
plant and the need to use available facilities more efficiently. 

9.4 Non-Bell Designs of Start-Stop Printers 

As mentioned earlier, AT&TCo and Western Electric obtained in- 
formation on the characteristics of printing-telegraph products being 
offered by various suppliers prior to the time that Western Electric 
undertook the design of such products. Although no printers being 
offered were suitable, the surveys uncovered the fact that a number of 
competing manufacturers, both in the United States and Europe, 
were undertaking design programs pointing toward later production. 
The suppliers were familiar with the demands of telegraph companies 
and others who utilized private-line circuits for Morse-telegraph- 
type communications. 

Later, around 1915, a number of manufacturers, notably the Cardwell, 
Kleinschmidt, and Morkrum companies in the United States and Creed 
in Europe, began selling their printing machines and associated 
apparatus to Western Union and other telegraph companies. The Bell 
System became involved because a growing number of its private- 
line customers became interested in the operating and service 
features provided in the outside suppliers' machines. Models of the 
earlier designs of the Western Electric all-purpose page printer had not 
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been supplied to many of these customers and much work re- 
mained to be done to prepare for standardization and quantity 
production. 

In line with the established policy that the Bell System wanted the 
best machines available at the lowest cost commensurate with meeting 
required standards of performance, some of the outside suppliers' 
products were examined. In the interval 1916-1919, Cardwell printers 
were studied and tested but found to be unsuitable. A printer 
design originated by Potts was not sufficiently developed to be service- 
able but it contained a number of fundamentally good features of 
value to the Bell System. The patents covering the features were 
purchased from Potts. Also during this period, printers supplied by 
the Kleinschmidt Electric Company of Long Island City were tested. 
Performance was considered to be unsatisfactory compared to the 
Western Electric all-purpose page printer. 

During 1923, the Creed organization, which had come to the fore in 
England, submitted their printing equipment for possible application to 
press association services furnished by Western Union and the Bell 
System. Completion of an investigation covering a two-year period led 
to the conclusion that the all-purpose Western Electric page-printing 
equipment, which had at that time been standardized, was more suit- 
able for press association services than the Creed equipment. 

Meanwhile, the Morkrum Company of Chicago offered, at least in 
model form, a rather comprehensive line of start-stop page and tape 
printers and associated apparatus that contained features of consider- 
able interest to the Bell System. As a prelude to describing the 
relationships between the Morkrum Company and the Bell System that 
resulted from this review of Morkrum's product line, a brief resume 
will be made of its early history. 

During 1901, Joy Morton, the wealthy owner of the Morton Salt 
Company, became interested in telegraph-printer technology and its 
potentialities as a new business. He engaged Ray Perne to convert 
typewriter mechanisms into printing-telegraph mechanisms. C. L. Krum 
soon replaced Ray Perne and built a model of a page printer 
around the Blickensderfer electric typewriter. Later, during 1901, a 
type-bar printer was developed, based on the Oliver typewriter. 
At about that time Krum's son Howard entered the field. He designed 
a printer using a moving type-wheel and a stationary paper-carriage. 
A five-unit selecting code, which is still in use, was employed. 
A considerable number of these machines were placed in commercial 
use. Encouraged by that and other early success it was decided 
to form the Morkrum Company, the name of which was a contrac- 
tion of those of Joy Morton, its financial backer, and Howard Krum, 
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who by that time had proved to be an expert machine designer 
and highly skilled engineer. Over the next few years, under the 
able guidance of Howard Krum, the Morkrum Company became a 
recognized leader in development and production of telegraph printers 
and associated mechanisms. 

During 1923, patent and service agreements were reached be- 
tween AT&TCo and Western Electric on the one hand and the Morkrum 
Company on the other. 3 The agreements included a number of terms of 
overall benefit to the three companies. Morkrum operated a specialty 
shop capable of manufacturing teletypewriters in small quantities at a 
considerably lower cost than Western Electric. Western Electric had over 
the years developed efficient means of manufacturing and supplying 
telephone sets, and related station apparatus, and central- office and 
outside-plant products in large quantities for Bell System use and was 
not accustomed to the "model shop" mode of manufacture. It was 
agreed that Morkrum would undertake manufacture of start-stop tele- 
typewriter products of Western Electric design and in accordance with 
Western Electric specifications and be the future supplier of such 
products to the Bell System. It was also agreed that Morkrum 
would undertake design of a new generation of start-stop page 
teletypewriter sets containing features covered by Morkrum patents 
that were considered to be superior to those provided in the Western 
Electric 12- and 13-type sets. Finally, it was agreed that the models of 
tape teletypewriters of Western Electric and Morkrum design would be 
compared leading to a decision as to which design to adapt for 
manufacture and supply to the Bell System. 

Detailed design of the next generation of page teletypewriter 
sets was left in the hands of the Morkrum engineers with the under- 
standing that AT&TCo Headquarters engineers would specify serv- 
ice features and requirements. Western Electric Headquarters engineers 
were delegated the responsibility of insuring that all requirements, 
particularly those relating to convenience in operating, maintenance, 
and reliability, were adequately met. 

Immediately following the agreements, Morkrum undertook produc- 
tion of the 13-type sets which had at that time reached the stage 

3 Following agreements reached with the Bell System during 1923, the Morkrum 
Company consolidated its operations with those of the Kleinschmidt Electric Company. 
The consolidated firm adopted the name Teletype® Corporation (during 1929 the 
Teletype Corporation was acquired by the Bell System). It also began to use the term 
"teletypewriter” as a designation on printers sold to the Bell System since the Bell 
System had adopted the term as a standard for use in defining the class of service which 
it offered, using its start-stop printer sets as instruments on customer premises. 
Therefore, throughout the remainder of this chapter, the term "teletypewriter 
service" will be used in place of "printing-telegraph service" and the term "tele- 
typewriter" (TTY) will be used in place of "printer." 
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of manufacture by Western Electric to meet Bell System demand. 
Thirteen of these sets were produced during 1924 and placed in 
service on a trial basis. The results being satisfactory, Morkrum 
undertook production of additional sets to fill the original order for 200. 

Morkrum engineers also began development work on the next 
generation of start-stop teletypewriter sets to replace the 12- and 13- 
type sets. After several model stages and tool-made samples which 
were thoroughly tested by Western Electric engineers and placed on 
trial in service the sets were standardized. The No. 15 teletype- 
writer, like the 12-type set, provided for keyboard-sending and receiv- 
ing or receiving-only services. The No. 19 teletypewriter set included 
the No. 15 teletypewriter and other auxiliary operating units to 
provide either automatic-sending (perforated tape) service or keyboard- 
sending service as well as receiving service. 

The No. 15 teletypewriter used a typewriter ribbon for inking, 
had a moving basket of type, employed a paper roll inside the 
machine cover, and made very satisfactory carbon copies with various 
types of paper. It was not subject to earlier problems of paper feed, 
inking, and partial printing of adjacent letters. Other features 
included sprocket feed for commercial forms with perforated edges, 
thereby giving perfect registration for all copies. Tabulating features 
were also provided. 

The No. 15 teletypewriter is shown in Fig. 7-16 as used when the 
service was limited to keyboard-sending and receiving. The No. 19 
set including the No. 15 teletypewriter and auxiliary apparatus 
required to provide for either automatic or keyboard sending is 
shown in Fig. 7-17. 

During 1923-1924, thorough comparisons were made of the models of 
the Western Electric and Morkrum tape-type teletypewriters. During 
1924 it was decided to make the Morkrum teletypewriter standard 
even though its performance was not quite as good as the Western 
Electric model. (The higher cost of the latter did not justify its 
selection.) The Morkrum model, coded the No. 14 teletypewriter, 
was standardized during 1927. It is shown in Fig. 7-18. 

In summary, during the 1910-1930 period, the Bell System succeeded 
in making a family of reliable and convenient teletypewriters and 
associated apparatus available for use by its customers within their 
leased private-line networks. During this period notable improvements 
were also made to enable the Murray form of five-unit Baudot code 
signals used to define the various letters, numerals, and controls of the 
teletypewriter language to be transmitted satisfactorily over the private- 
line networks. Toward the end of the period reliable transmission 
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Fig. 7-18. The No. 14 teletypewriter. (Watson 1938, Fig. 8) 


of such signals at the rate of 60 words per minute became an 
accomplished fact. 

9.5 Transmission Improvements 

Early in the twentieth century, the management of the Bell System 
decided to undertake programs that would lead to conversion of the 
then-existing manual Morse telegraph service to the more convenient 
automated forms that would be possible as soon as suitable teletype- 
writer mechanisms were made available for customer use. At the time 
of decision the wire-line networks that were used to provide the 
manual Morse service required adjustments to maintain adequate 
quality of transmission of the telegraph signals. It was quite evident 
that substantial improvements would need to be made to meet the exact- 
ing standards for transmission of automated signals originated by 
teletypewriter machines. 

The decision proved to be the stimulus to undertake scientific 
investigations, engineering studies, and the development of trans- 
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mission systems for introduction into the Bell System telegraph plant. 
In keeping with the established long-range policy of the Bell System 
that its transmission plant should be capable of dual use for both 
analog (voice) and digital (teletypewriter) communications, the tele- 
graph engineers and scientists coordinated their activities with those 
of their telephone counterparts. 

Sections 9.5.1 through 9.5.6 to follow highlight the important 
advances that were made and applied to the Bell System trans- 
mission plant, and at its operating and maintenance centers, to make the 
plant suitable for handling communications between teletypewriter 
machines. At the end of the period reliable teletypewriter service 
at a speed of 60 words per minute was available throughout the 
Bell System. 

9.5.1 Status of Wire-Line Plant in 1905 

The growing demand for telephone and telegraph services during the 
early period of Bell System history showed up in requests for 
circuits extending over longer and longer distances and also in 
greater concentration of services within urban areas. This latter problem 
of many open-wire circuits in a limited area produced something 
like a "copper-wire haystack" which was difficult to service and main- 
tain. To overcome these handicaps, lead-covered cable was developed. 
Initially, cable was employed where distances were relatively short and, 
to minimize its size, fine-gauge copper wires were used. Cable was 
introduced into the local plant about 1888. By 1904 it had largely re- 
placed open wire plant in urban areas. 

Cables were not affected by changes in weather to more than a 
minor degree as compared to open wire lines. This was an advantage, 
hence there was a natural tendency to extend the distance over 
which cables might be used. An aerial cable was in operation between 
Boston and Worcester during 1904. Later, in 1906, an underground 
cable was placed in service between New York and Philadelphia. 
These cables were used to provide voice-telephone and grounded- 
telegraph transmission circuits, with less than satisfactory results. 
It became evident that technical effort was needed on several 
fronts to overcome the obstacles that limited the length of lead- 
covered, loaded, fine-gauge cable. It was not until many years later 
that the problems were considered to be under sufficient control to 
justify application of the cable wherever needed within the Bell System. 

Open wire lines were the sole means of providing voice-telephone 
and telegraph circuits over considerable distance. When used for manual 
Morse telegraph service single-line repeaters were inserted in the circuit 
at intermediate points along the right of way. Close attention by 
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skilled maintenance forces was required in order to make the service 
acceptable. The low resistance of the open- wire-line conductors pro- 
vided an advantage for transmission of both voice-telephone and 
Morse currents as compared to the fine-gauge wires within cable. 
Under favorable weather conditions, open wire circuits provided 
relatively good transmission of voice currents for several hundred 
miles. But due to the instability of the telephone circuits there were fre- 
quent periods when they were considered unsuitable for commercial use. 

9.5.2 Scientific Advances and Inventions 

The limitations of the transmission plant within the Bell System 
during the 1905 period are highlighted briefly above. Evidently this 
knowledge served the purpose of proving once again that "necessity 
is the mother of invention." Several notable advances in transmission 
technology by J. R. Carson and others came to the fore during 
the several years that followed. History reveals that these were to have 
a profound impact on the composition of the Bell System transmission 
plant that came into use during the 1915-1925 period. There were 
many contributions by many contributors but, at the risk of omitting 
some worthy of mention, the following have been chosen as of 
prime importance. 

The audion was invented by Lee de Forest and patented during 
1907. In 1912, H. D. Arnold undertook research and device develop- 
ment work in the Engineering Department of the Western Electric 
Company. Arnold determined the methodology that enabled reliable, 
long-life vacuum tubes to be manufactured. Western Electric established 
a "tube shop" soon thereafter to produce high-quality vacuum tubes 
and over the next 40-plus years served as a supplier to the Bell 
System. Over this period vacuum tubes came into use in a variety of 
transmission systems. In fact, the vacuum tube became as versatile 
a device in such systems as the relay in switching systems. 
Neither was displaced by solid-state devices until well into the 1950s. 

The first commercial use of vacuum tubes within the Bell System 
was in the repeaters connected into the transcontinental open-wire 
line during 1915. An extensive account of the application of electronic 
amplifiers to early transmission systems is given in Chapter 4, Section 
4.2; the story of the underlying research is presented in Chapter 10. 

Concurrent improvements in a variety of materials, notably magnetic 
alloys, facilitated a major reduction in the size and cost of apparatus as 
well as in the power required to operate line repeaters. These develop- 
ments are discussed in Chapter 8. Improved repeaters for insertion in 2- 
wire open-wire lines and 2- and 4-wire circuits within fine-gauge cable 
were designed and made available. The 2-wire repeater, known as the 
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22-type, was a two-stage amplifier containing the 40,000-hour-life- 
expectancy 101- and 102-type vacuum tubes. The 4-wire repeater was 
composed of apparatus used in a pair of 2-wire repeaters but con- 
nected to provide amplification in each of the two directions of 
transmission. The 2- and 4-wire repeaters came into extensive use 
throughout the long-distance wire plant in the Bell System. Their use 
in cables marked the beginning of the long-delayed program of 
extending lead-covered, fine-gauge, loaded cable over great distance. 
During 1925 such a cable was placed in operation between New York 
and Chicago. 

By 1910 the application of Fourier analysis revealed that digital 
telegraph signals passed over the dc grounded circuit desired by the 
compositing method contained frequencies of up to about 60 hertz. 
The analysis also revealed that speech currents occupied a higher 
band which was subsequently established as 300 to 3,200 hertz for 
good-quality telephone transmission. These theoretical studies together 
with information gained from measuring the loss characteristics of the 
composite set and of the typical telephone line provided information 
for detailed studies of the characteristics of wire lines and transmis- 
sion networks. 

As described in Chapter 4, George Campbell invented the lad- 
der-type filter during 1915. The filter concept provided an eco- 
nomical means of subdividing available frequency spectrum over a wire 
line in an efficient manner to provide dual use of the line for 
both telephone and telegraph communications. 

The Campbell invention unleashed a great deal of activity in the 
design of filter and other networks including those used in combina- 
tion with vacuum tubes to provide oscillators, modulators, demodu- 
lators, and rectifiers. Thus the basic technology and building-block 
units for composition of transmission systems using the frequency- 
division method of multiplexing became available. 

During this period Harry Nyquist of AT&TCo Headquarters En- 
gineering undertook a series of comprehensive theoretical studies 
relating to the behavior of digital and analog signals within typical 
closely coupled electrical circuits where the phenomenon of mutual 
signal interference needed to be fully understood. He reported on his 
findings in articles that appeared in The Bell System Technical Journal 
and in other technical publications. The work of Harry Nyquist has 
since been regarded as a major contribution to the advancement of 
transmission technology. 4 Application of this knowledge is reviewed 
in Section 9.5.6. 

4 Journal articles describing advances in transmission theory by J. R. Carson, Harry 
Nyquist, and others are listed in "References" at the back of this volume. 


Nott-Voice Communications 


767 


9.5.3 The Metallic Telegraph System 

The metallic telegraph system was developed to meet the need for a 
stable direct-current telegraph system with suitable quality of trans- 
mission to permit it to be used in handling teletypewriter communica- 
tions over long, fine-gauge, loaded cables equipped with repeaters. It 
was designed to operate on a 4-wire basis using two direct-current 
metallic circuits derived by compositing two pairs of wires in a 
fine-gauge cable. It could also be used with spare phantom circuits or 
two spare pairs when available. 

The system was comprised of two types of telegraph repeaters. The 
terminal type was used to associate the 4-wire line circuit with the 
loop (half duplex) or loops (full duplex) extended to the customer's 
station over a pair, or two pairs, of wires in the local cable. The 
through type was used to repeat teletypewriter signals between line 
sections. Through repeaters were spaced along the line at about 
100-mile intervals. The telegraph repeaters were located at telephone 
repeater points in order that the number of arrangements for 
bypassing the telegraph circuits around telephone repeaters would be 
minimized. Telephone cables having repeater spacings of about 50 
miles made it necessary to bypass the telegraph circuit around the 
telephone repeater. 

The choice of metallic rather than ground-return line circuits made it 
possible to apply a low voltage (34 volts from a non-grounded source) 
to each of the two lines and to reduce the line currents to about 
5 milliamperes, (±130-volt batteries were used to supply line currents 
of about 60 milliamperes to the grounded telegraph line circuits used 
with the family of telegraph repeaters described in earlier sections of 
this chapter). The use of metallic line circuits, and low voltages and 
currents, permitted reduction of interference from power circuits, 
effects of ground potential differences, and interference from other 
telegraph circuits in the same cable to very small amounts. The low 
voltages and currents also minimized the effects of telegraph thump 
and flutter on the telephone circuits in the cable. To further reduce the 
high-frequency components of the telegraph currents, a series- 
inductance-and-shunt-capacitance network, known as a "noise killer," 
was connected between the line-relay windings and the loop (sending) 
relay armature. (See Fig. 7-19.) 

In addition to adoption of a metallic line circuit, the repeaters of the 
system contained a number of improvements as compared to the 
earlier family of telegraph repeaters used to furnish service over 
grounded lines (Fig. 7-7). 5 The most important improvement came in 

5 See "References” at the back of this volume for journal articles describing later 
improvements that were made in dc telegraph repeaters and the modes used to improve 
their operation over grounded open-wire circuits. 
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ARRANGEMENT OF REPEATER HALF DUPLEX 
MONITORING SET DISCONNECTED 

Fig. 7-19. Simplified schematic of the metallic telegraph system for cables. (Redrawn 
from Notes on Telegraph Engineering, AT&TCo 1929, Fig. 14) 

the form of a sensitive line relay, coded 209FA, capable of operating on 
very low values of current. The 209FA relay contains four equally 
balanced main windings and two auxiliary windings. The latter were 
connected across the contacts of the line relay thus providing energy 
induced into the auxiliary windings from the main windings of the 
relay to increase its sensitivity. As a by-product of the apparatus 
development work that was carried out to produce the 209FA polar 
relay, a less-sensitive type of polar relay, which was coded 215A, was 
made available for use in the loop circuit of the terminal repeater. 
Figure 7-20 shows the 209FA and 215A relays. 

The basic circuit arrangements of a terminal repeater for half-duplex 
service are shown in schematic form on Fig. 7-19. Note that two 215A 
sending relays are required to provide a means of reversing the 
voltage applied to the line. Also note that a 215A break relay is 
provided to permit an operator at the local station to readily stop an 
operator at a distant station on the repeatered line circuit from sending 
and thereby gain control of the circuit. 

The metallic telegraph system was first applied on a trial basis on a 
cable circuit between Kingston, New York, and New York City. The 
first standard systems came into use between New York and 
Philadelphia during 1919. Many systems were subsequently installed 
throughout the Bell System where cable facilities became available and 
demand for service became sufficient to justify their installation. 

9.5.4 The Open-Wire Carrier Telegraph System 

The metallic telegraph system did indeed provide high-quality 
telegraph circuits for teletypewriter communications over routes where 
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Fig. 7-20. Polar telegraph relays: (a) Code 209FA; (b) Code 215A. 


fine-gauge, repeatered cable circuits were available for voice-telephone 
use. However, extension of these long cable circuits outside of the 
northeastern area of the United States was several years off. 

It was evident that the open wire plant would have to be utilized for 
both telephone and telegraph purposes for an indefinite period into 
the future. This led to the decision to intensify technical effort on 
improvement in performance of the telephone and telegraph circuits 
provided within the open wire plant and on innovations to increase its 
circuit capacity. Several creditable modifications were subsequently 
made to the open-wire outside plant and repeaters which made a 
frequency spectrum available for carrier circuits extending from about 
300 hertz to several kilohertz. 

The planners and designers of the open-wire carrier telephone and 
telegraph system decided not to attempt to derive both telephone and 
telegraph circuits within a common system but to design two systems, 
one for telephone and the other for telegraph. Both systems made use 
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of the newly developed technology of vacuum tubes and associated 
networks and of tuned circuits and wave filters. 

The features of the open- wire carrier telephone system that first 
came into commercial use during 1918 are described in Section 4.2.5 of 
Chapter 4. The characteristics and capabilities of the open-wire carrier 
telegraph system are reviewed below. 

Figure 7-21 shows the schematic circuit of one terminal of the 
system including the manner of associating it with an open wire line. 
The figure also shows the manner of connecting one of the available 
telegraph line circuits to a loop extending to a subscriber's office. 

The system occupied a frequency band, above the voice-telephone 
circuit, in the range from 3,300 hertz to 10,000 hertz. The following 
table shows the frequencies used in the two directions: 

Frequency in Hertz 

Circuit — 


Number 

West to East 

East to West 

1 

5,500 

6,500 

2 

5,250 

6,800 

3 

5,010 

7,110 

4 

4,770 

7,440 

5 

4,530 

7,800 

6 

4,290 

8,180 

7 

4,050 

8,590 

8 

3,810 

9,030 

9 

3,570 

9,500 

10 

3,330 

10,000 


The 20 one-way channels were paired in the manner indicated 
above to provide the ten two-way circuits. The lowest and the highest 
frequencies were paired together. This was done to allow for 
emergency line conditions where, for example, the system could only 
be made to operate by raising the outgoing currents to the maximum 
and increasing the sensitivity of the receiving circuits to a maximum. 
The first one-way channels that were likely to fail were the 3,300-hertz 
channel because of interference from the telephone circuit, the 
10,000-hertz channel because of line attenuation, and the 5,500-hertz and 
6,500-hertz channels because of mutual interference. Under such mar- 
ginal conditions only two of the ten circuits would be out of service. 

Variable air capacitors were used in the oscillator and sending and 
receiving tuned circuits to provide means of adjusting the frequency of 
the oscillator and the midpoint of each tuned circuit. Means of 
adjusting these circuits were provided because, at the time that the 
system was being developed, stable band-pass filters and constant- 
frequency oscillators were not available. 
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Fig. 7-21. Simplified schematic of the first carrier telegraph system. (Redrawn from Hamilton 1948, Fig. 1) 
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Models of the system were installed at Pittsburgh and Harrisburg, 
Pennsylvania, and connected to an open wire line between these two 
cities during 1919. Later, during 1920, the trial system was extended to 
Chicago. These first installations were used to check performance 
under field conditions and to determine the nature of changes that 
were needed prior to standardization. 

The first standard system, which became known as the Type B 
open-wire carrier telegraph system, was installed at Chicago, Illinois, 
and Oakland, California, and connected to an open wire line 
containing repeaters spaced at intervals of 250 to 300 miles. After 
cutover its capabilities were verified by looping the ten circuit 
terminals at Chicago and Oakland together thereby setting up a circuit 
whose length of about 30,000 miles was the longest that had ever been 
tested up to that time. 

During the following period of many years Type B systems were 
added to the open wire plant throughout the Bell System to provide 
needed transmission circuits suitable for teletypewriter communica- 
tions. They were replaced gradually by the voice-frequency carrier 
telegraph system for cables over routes where the cables replaced the 
open-wire-line facilities. 

9.5.5 The Voice-Frequency Carrier Telegraph System for Cables 

As stated earlier, the metallic telegraph system, which became 
available during 1919, provided a superior transmission circuit for 
teletypewriter use as compared to the earlier dc grounded telegraph 
systems over routes where repeatered, fine-gauge, loaded cables were 
in use. However, the number of circuits that could be derived within 
the cable by compositing means for use by the metallic system was 
reduced by a factor of 4/1 as compared to the dc grounded systems. 
Although it was possible to use spare pairs within the cable for 
metallic telegraph rather than voice telephone, their use was severely 
limited because it was uneconomical to provide a high percentage of 
spares within any cable. 

Voice-telephone circuits within the cables were operated on either a 
2-wire or 4- wire basis depending upon the plant situation at the time. 

But the superior quality of transmission over the 4-wire circuits was 
convincing proof that 2-wire operation should gradually be elimi- 1 

nated, particularly over the longer cable routes. 

The bandwidth for transmission of voice-telephone currents over 
the long 4-wire repeatered cable circuits was well beyond that 
required for speech (300-3,200 hertz). However, the bandwidth that 
could be made available for telegraph use was considered to be 
insufficient to justify degradation of the high-quality voice circuits 
within the 4-wire cables. 
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Comprehensive engineering studies which included all of the above 
factors and others led to the conclusion that a voice-frequency carrier 
telegraph system should be designed for 4-wire operation over the 16- 
and 19-gauge medium-heavy-loaded repeatered cable circuits. These 
cables had been adopted as the most suitable for additions to the 
long-distance cable plant. 

Figure 7-22 shows one terminal of the voice-frequency carrier 
telegraph system in schematic form including the manner of connect- 
ing it to the 4-wire cable circuit and to one of the local cable circuits 
extending to the premises of a subscriber of the service. The schematic 
discloses the composition of the finalized design of the system, the 
first installation of which was made in New York and Pittsburgh 
during 1923. A 4- wire line circuit within the 19-gauge medium- 
heavy-loaded cable with repeaters located at 50-mile intervals was 
used to interconnect the two terminals. Figure 7-23 is a photograph of 
one terminal of the system. 

It is of interest that the voice-frequency carrier telegraph system 
came into use four years later than the open-wire carrier telegraph 
system. During that interval there were several advances in technology 
which enabled designers of the voice-frequency system to choose com- 
ponents having a high degree of stability that were not available for use in 
the open- wire carrier system. Included were the band-pass channel selec- 
tion filters and the multifrequency generator of carrier frequencies. 

The multifrequency generator provided a source of 12 carrier 
frequencies in 170-hertz steps. All of these frequencies were generated 
within a machine which consisted of 12 rotors on a single drive shaft. 
The reason for this design was that the carrier frequencies could not 
drift with respect to each other. However, a drift in speed of the drive 
shaft affected all channels adversely. This had serious implications 
because the band-pass filters were designed to allow a space of 170 
hertz between channels with the midband of each filter occurring at 
the carrier frequency supplied by the generator. It was necessary to 
maintain this frequency within close limits to minimize interference 
between channels due to modulation in the repeaters along the cable 
circuit. The carrier frequencies were chosen at odd multiples of 85 
hertz, this value being half of the frequency separation (170 hertz) 
between the channels. By this scheme the sum or difference of any two 
carrier frequencies lay just midway between carrier frequencies and 
the chance for interference from these components was minimized by 
the band-pass filters. 

Drift in speed of the generator of the carrier frequencies was 
maintained within limits of ±1 percent. But the centrifugal governor 
on the shaft of the dc motor which drove the generator required 
frequent adjustments to maintain the speed within these limits. Once 
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Fig. 7-23. Terminal of a 12-channel voice-frequency carrier telegraph system for cables. 
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again, advances in technology were available. The stability of vacuum 
tube oscillators had been greatly improved and circuitry had been 
developed for locking oscillators in step with harmonic frequencies 
from a control oscillator. So within a few years the motor-generators 
were replaced by vacuum tube oscillators. 

During the period when the voice-frequency carrier system was 
being designed, the technology of filter design had reached the stage 
where ladder-type filters having very stable characteristics could be 
produced. Inductors, capacitors, and resistors for use in composition 
of the filters and having very close tolerances were being manufac- 
tured and assembled in encapsulated containers to insure a high 
degree of stability of the filters in service environments. 

The 102- and 101-type (40,000-hour life expectancy) vacuum tubes 
were adopted for use within the receiving circuit of each channel of 
the carrier system. These tubes had at that time come into extensive 
use within the 22-type and 44-type repeaters where their performance 
in service was considered to be of the highest order. 

The 209FA and 215A polar relays used in the balanced loop circuits 
of the system had been in use in similar circuits of the metallic 
and open-wire carrier telegraph systems. Experience with these 
systems showed that the relays were capable of operating for many 
hours of continuous service and of transmitting many millions of 
digital pulses before requiring cleaning and burnishing. The relays 
were plug-mounted to enable removal for test and adjustment at a 
relay test table. 

Thus the configuration and content of the voice-frequency carrier 
telegraph system was a blending of knowledge drawn from several 
technical disciplines and combined suitably to meet the applications 
in service for which it was intended. History tells us that the many 
systems that were placed in service over the following decades 
continued to meet the exacting service requirements and required a 
very low degree of maintenance to keep them in operation. 

9.5.6 Distortion and Measurement of Digital Signals 

The telegraphic mode of communicating over distances makes use of 
groups of discrete digital pulses arranged in suitable time sequence 
and duration to enable trains of such pulses to define suitably each 
letter, figure, or other symbol within the message being transmitted. 

Prior to 1910 the private-line telegraph services offered by the Bell 
System were operated on a manual Morse basis. The dot and dash 
signals used to define each character were sent in time sequence at 
speeds up to the equivalent of about 18 dots per second, depending 
upon the quality of the transmission medium, the capabilities of the 
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telegraph sending device, and the skill of the sending and receiving 
operators. The time separation between dot and dash pulses within a 
character was usually equal to the dot length and the dash pulse was 
normally three times the length of the dot. 

The sending keys and receiving sounders within each manual Morse 
circuit provided the means to enable skilled operators to make 
adjustments to meet their individual idiosyncrasies so as to allow for 
adequate identification of the various coded characters. Prior to turning 
over a private-line circuit to customer use in service or after receiving 
a customer complaint the test room attendants "lined up" the 
relatively unstable circuit. The line-up procedure usually consisted of 
measurement of the ability of the circuit to transmit a succession of dot 
pulses originated by an automatic vibrating-key sender or equivalent 
device. Circuit response was observed at various points by means of a 
zero-center meter. If the meter reading deviated from zero, the signals 
were considered to be biased to "light" or "heavy" depending upon 
the direction of the deviation. To compensate for this bias in received 
signals the attendants at the various repeater points along the way 
made adjustments of the repeaters. Other than this elementary mode 
of measuring bias of repeated dot signals no distortion measuring had 
been considered necessary. 

At the time of acquisition of the Western Union Telegraph 
Company, Bell System management decided to modernize its tele- 
graph business by providing its customers with convenient teletype- 
writer instruments in place of Morse telegraph sets. This decision 
provided the impetus for a systematic investigation of the principles of 
digital transmission over the wire-line media comprising Bell System 
plant and of the mode of generating and receiving digital signals by 
teletypewriters and regenerative repeaters. Considerable knowledge 
was needed to determine the causes of distortion of such signals at 
their source, during transmission over various media, and at their 
destination. It was obvious that without this knowledge it would have 
been difficult, if not impossible, to design suitable signal generators 
and receivers and to incorporate features in transmission media to 
enable each network to provide reliable service at signaling speeds far 
in excess of the 18 dots per second that had up to that time been 
possible with the manual Morse mode of communicating. 

During the period covering development and application of the 
start-stop teletypewriter, the multiplex telegraph system, and the 
metallic and carrier telegraph systems, Harry Nyquist and his 
transmission-engineering associates in AT&TCo Headquarters En- 
gineering conducted theoretical studies, made laboratory experiments 
and measurements in Bell System plant, and designed telegraph 
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distortion-measuring and relay-test sets for use by plant engineers and 
maintenance forces. 

The three types of distortion which affect the length of a signal pulse 
were defined in 1928 by Nyquist, Shanck, and Cory. They were called 
(/) bias, which is a uniform lengthening of the marks (called positive 
bias) or a uniform lengthening of the spaces (called negative bias); (ii) 
characteristic bias, which is a function of the signal combination as well 
as the electrical and mechanical characteristics of the particular circuit 
under consideration; and (iii) fortuitous distortion, which is the random 
superposition of extraneous interfering currents upon the signal pulse. 
The principal factors causing these distortions are as follows: 

Bias — variations in circuit resistance or loss 

— variations in battery voltage at the terminals, 
or variations in the oscillator voltage 

— high-resistance sending-relay contacts 

— non-symmetrical relay adjustments. 

Characteristic Bias — characteristics of relay windings, coils, filters 

and other equipment 

— wave shaping of detectors. 

Fortuitous Distortion — noise 

— lightning 

— ground-potential variations 

— functional switching operations 

— relay-contact troubles 

— variation in repeater gain with load. 


As a general rule, distortion is not allowed to exceed 35 percent in 
teletypewriter operation. If distortion were to reach 55 percent then 
every symbol would be in error and total failure would result. 

The effects of distortion on Morse telegraph are more subtle. Tests 
reported in 1929 by J. Herman noted that telegraph operators described 
circuits with bad distortion as "heavy,” "light," "hangs," or "no good," 
and that the different types of distortion had different results. Judged 
by the opinions of the operators, negative bias became objectionable 
at 30 percent, positive bias at 40 percent, and all other types of 
distortion at about 50 percent. On the other hand, judged by the 
accuracy of the operators' performance all distortion, with the pos- 
sible exception of positive bias, only became serious at values above 
50 percent, ranging up to 85 percent for fortuitous distortion. 

The design of a satisfactory teletypewriter network depended on 
a knowledge of the distortion in each circuit component. The distortion- 
measuring set was used to determine the total distortion, as well as its 
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components. It will be clear that a signal composed of ideal alternate 
marks and spaces of equal duration would have zero-percent distortion. 
A lengthening of the marks (and corresponding shortening of the spaces) 
would read positive bias, and a shortening of the marks would read nega- 
tive bias; hence a center-reading meter can be used for measuring bias. 
In an actual signal, the indication would jump about because of depend- 
ence on the transmitted-signal transitions from mark to space. The total- 
distortion-measuring set was designed to give a relatively steady reading, 
but variations with time would be expected. 

The term "telegraph coefficient" was adopted for use in circuit layout. 
It was related to total distortion and the probabilities inherent in the 
causes. The limit of momentary total distortion of 35 percent or less in 
teletypewriter circuits was based on the normal statistical relation which 
states that a circuit whose measured distortion had a root-mean- 
square value of 8 percent would nonetheless reach or exceed 35 percent, 
and thereby incorrectly print a character 1 time in 44,000. This was the 
same as saying that there would be one character error in two hours of 
60-word-per-minute teletypewriter service, on the average. This might 
have seemed to be a high accuracy requirement for simple messages but 
it reflected the Bell System objective of providing the best service that 
is economically sensible to customers who require that kind of accuracy, 
such as financial institutions. It could have been made more or less 
accurate at a corresponding economic offset. 

A circuit whose root-mean-square total distortion was 8 percent, i.e., 
a mean- square value of distortion of 64, was arbitrarily assigned a 
coefficient of 10. Therefore, a circuit having a mean-square distortion of 
6.4 had a coefficient of 1.0. Coefficients assigned to the different segments 
were added arithmetically to get an overall coefficient which could not 
be more than 10.0. Mathematically, this statement is equivalent to 
saying that the distortions contributed by the different segments of 
the overall circuit accumulated in random fashion. 

Short subscriber lines of less than 5 miles were considered to con- 
tribute nothing to the overall distortion. Loops of up to about 35 miles 
had coefficients of 1.0 to 1.5, but those of up to 50 to 60 miles had coeffi- 
cients of 3.5 to 4.0. For longer circuits, used to provide 60-speed TTY 
service, typical values were as follows: 


DC grounded on open wire 
DC metallic on cable 
High-freq carrier on OW 
Voice-freq on cable or OW 


Coeff/Sect Max Length/Sect 


2. 5-4.0 

2.0- 3. 0 

2.6 

2 . 0 - 2. 2 


300 miles 
150 miles 
1,150 miles 
3,500 miles 


If it was required to set up a circuit such that the coefficients of the 
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segments added up to more than a total of 10, it was necessary to insert a 
regenerative repeater in such a position that the sum of the distortions 
on either side would be less than 10. The repeater would then wipe out 
the distortion in the preceding section. Figure 7-24 shows a circuit layout 
in which the coefficients add up to 13.2 between the West and East 
stations. This exceeds the objective coefficient of 10, and so a repeater 
is inserted at a point such that the coefficient is 7.0 on the West side 
and 6.2 on the East side. This arrangement would be expected to give 
better performance than that stated above for a coefficient of 10. 

9.6 Special-Purpose Teletypewriter Private-Line Switching Systems 

During 1916, when the Bell System began leasing teletypewriter 
service to press associations, a teletypewriter switching system was 
developed for use by the United Press Association. This system inter- 
connected six newspaper offices in greater New York City with the 
central transmitting station in the World Building. By means of it the 
central bureau could connect one or more of these six lines to the send- 
ing instrument and send information to one or more of the newspaper 
offices. The teletypewriter circuits to each of the newspaper offices op- 
erated on a simplex basis. During 1917 this system was modified and 
enlarged to include eight newspaper offices and at that time a telephone 
circuit was provided between each newspaper office and the central 
bureau. By means of a hand generator, the attendant at the news- 
paper office could signal the central bureau. The attendant at the news- 
paper office would then report to the attendant at the central bureau by 
telephone the trouble or other information deemed necessary regarding 
the teletypewriter or teletypewriter circuit. 


WEST 

b 


EAST 


- 1 3 . 2 ' 





Fig. 7-24. Circuit layout illustrating telegraph coefficients. 
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Another one of the earliest teletypewriter switching systems 
developed and used in Bell System subscriber networks was one pro- 
vided for the Otis Elevator Company. In December 1916, a three-station 
network was installed and arranged to permit the attendant at the New 
York City station, by means of switching keys, to connect his teletype- 
writer to either the line to Harrison, New Jersey, or to the line to Yonkers, 
New York. Two-way communication was provided for in either case. 
Later, in September 1917, a more elaborate switching arrangement 
permitted any one of the stations to signal and become connected to 
either of the other two for two-way teletypewriter communication. 

These two examples of teletypewriter switching applications are be- 
lieved to be of interest as they illustrate that both press associations 
and commercial customers demanded and required the development of 
teletypewriter switching arrangements as soon as the Bell System started 
furnishing teletypewriter service to private-line customers. 

Following the development and application of these early types of tele- 
typewriter private-line switching systems there was a continuous de- 
mand on the part of the AT&TCo Long Lines Department and prac- 
tically all of the Associated Companies of the Bell System for the develop- 
ment of special teletypewriter switching systems to meet specific require- 
ments of particular private-line installations of customers to whom they 

had leased the service. Systems were developed for use by banks, brok- 
ers, hotels, a large variety of manufacturing concerns, merchandising 
organizations, credit bureaus, press associations, public utilities, state 

and municipal police systems, and government agencies such as the 
Bureau of Aeronautics of the Department of Commerce. These systems 
were designed for use in local networks, for use over toll wire- telegraph 
lines, and in networks involving both. They also included both manual 

and automatic systems as in certain cases the demands of the customer 
were such that a manual system seemed proper whereas in other cases 
automatic arrangements were provided to meet his requirements. 

With the commercial introduction of the more compact tape- and page- 
type teletypewriters, beginning around 1920, commercial private-line 
teletypewriter service had a large growth and naturally with this growth 
there was a considerable expansion in the number and varieties of switch- 
ing arrangements. This was naturally to be expected because the modern 
teletypewriter became a business tool that had decided advantages over 
the telephone and Morse telegraph instrument. Probably the most im- 
portant of these was its ability to provide an accurate written record 
at both the sending and receiving ends of the circuit and its ability to 

record a message at the receiving end even though the party was not 
present at the time. New service features not heretofore provided in 
telephone networks were immediately apparent to the customer and 
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were developed and incorporated in the switching arrangements. Such 
features included broadcasting to a group of stations and remote con- 
trol of power to permit a teletypewriter motor to be started and stopped 
remotely for unattended service. Other features, which had also been 
used in telephone networks, were conference connections and selective 
calling by which a number of stations could be associated in the same 
network and arranged so that if the network were idle any one station 
could automatically select one or more other stations to the exclusion of 
the rest of the network. 

We will not describe all of the different special-purpose types of 
private-line teletypewriter switching systems that were developed for 
use by Bell System subscribers. A few of these special-purpose systems, 
which were not necessarily the first of their kind but are considered of 
particular interest, however, have been selected for description to il- 
lustrate some of the development work that was done in this field. 

9.6.1 System Developed for Use by New York City Police 

This system was developed for New York Bell Telephone Company 
to meet the specific needs of the New York City police. It was cut into 
service during 1928, and included five switchboards and over 100 tele- 
typewriters. 

The city of New York is divided into five boroughs — Manhattan, 
Brooklyn, Bronx, Queens, and Richmond. At the time, each borough 
had a headquarters office and the General Police Headquarters was 
located in the Manhattan office. The system provided two-way teletype- 
writer communication between General Police Headquarters and each 
borough headquarters, and one-way communication from each borough 
headquarters to associated stations. 

At General Police Headquarters there were four receiving-only ma- 
chines for handling messages from other headquarters, and one receiv- 
ing-only machine at each of the four borough headquarters for messages 
from General Police Headquarters. 

There was a switchboard at each borough headquarters for two-way 
service between Manhattan and the other four headquarters and for 
one-way service from each borough headquarters to the associated 
receiving-only stations in that respective borough. Each switchboard 
had associated with it two sending-receiving teletypewriters, one 
normally used for two-way service and the other for one-way service, 
with flexibility of interchange of machines or use of either for both pur- 
poses. The switchboard operators could select and send messages over 
any single line, to a group of lines, or to all lines associated with the 
switchboard. Receiving- only stations could light a lamp at the board to 
acknowledge receipt of a message by operating a key at the station. 
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9.6.2 System Developed for Use by Hudson Motor Car Company 

This switching system was developed for the Michigan Bell Telephone 
Company for use by the Hudson Motor Car Company of Detroit to 
coordinate the flow of parts in its assembly lines. The system was in- 
stalled in 1928. It consisted of a cordless key-type switchboard (having 
a capacity of 12 lines) and two teletypewriters at the control point with 
lines radiating to various points throughout the factory. The main 
features of this system were as follows: 

(?) Means were provided for two-way communication between the 
control station and the branch stations or between the various 
branch stations. 

(») Either teletypewriter at the switchboard could be associated 
with any line for two-way communication. 

(in) One teletypewriter at the switchboard could “broadcast" to one 
or more stations by operating a broadcast key associated with 
each line. 

(iv) Two stations could be connected together for two-way communi- 
cation and either switchboard teletypewriter could be connected 
in for monitoring. 

(p) A station could call the switchboard by operating a key. A line 
lamp was lighted at the switchboard and extinguished when the 
operator answered the call. 

(vi) During broadcasting, a station could signal the switchboard, 
lighting a line lamp by “flashing" a key at the station. 

(vii) Lamp signals received during a broadcast could be answered by 
the second teletypewriter at the switchboard. 

(viii) Disconnect on a through connection was provided by releasing 
a key at the station. 

(ix) The teletypewriter motor at each station was started automati- 
cally when a connection was established to that line at the switch- 
board and was stopped when the connection was broken. 

This system was restricted to use over comparatively short lines without 
repeaters. Two-wire lines were used, one wire for printing and motor 
control and the other wire for signaling. Neutral or “open and close" 
transmission was employed. 

9.6.3 System Developed for Use by Pennsylvania State Police 

The Pennsylvania State Police switching system is of particular inter- 
est because it was the first teletypewriter switching system to operate over 
such a large territory and because it included a scheme of remote control 
which permitted the State Headquarters at Harrisburg to automatically 
seize all lines at the three Zone Headquarters for a statewide broadcast. 

This system was developed for the Bell Telephone Company of Penn- 
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sylvania and service was started during December 1929. The network 
included cordless switchboards at Harrisburg, Wyoming, Philadelphia, 
and Pittsburgh, and over 100 receiving- only stations scattered through- 
out the state. 

Each of the three zone switchboards and the Harrisburg board were 
arranged to permit sending to one or more stations associated with that 
switchboard either singly or on a broadcast basis. When broadcasting 
took place from any of the three zone switchboards, the information was 
also sent to a receiving-only teletypewriter at Harrisburg. The teletype- 
writers at the various receiving-only stations in the network were 
started and stopped automatically when a connection was established. 
Two-way teletypewriter communications could be established between 
each zone switchboard and Harrisburg. 

In case an operator at Harrisburg wished to broadcast to every station 
in the state, a means was provided to automatically connect all stations 
at every switchboard into the broadcast network even though connec- 
tions might at that time have been established at any of the zone boards. 

As covered above, during the 1916-1925 period, the demand for tele- 
typewriter private-line switching systems for use by Bell System cus- 
tomers was met by development and application of a number of distinc- 
tive special-purpose switching systems. During this period the planners 
and developers of such systems gained knowledge of customer needs 
and desires which led to establishment of service requirements for a 
family of standard private-line teletypewriter switching systems and of 
the service requirements for Teletypewriter Exchange (TWX) Service. 
The standard private-line systems and the switching arrangements for 
TWX Service came into use after 1925. 

9.7 Telephotography 

Dating back to the earliest days of modern civilization, transmission 
of visual information continued to be an intriguing challenge to inno- 
vators of improved means of communication over distances beyond the 
range of audibility. Examples of early forms of communication by coded 
visual signals are included in an early section of this chapter. 

Bell System interest in telephotography dates back to the nineteenth 
century. Evidence of this interest was recorded in a comprehensive report 
prepared by T. D. Lockwood's organization at the American Telephone 
and Telegraph Company. The report, entitled "Transference of Images 
by Electricity," was completed during 1903. It dealt with two classes of 
images that might be transmitted over long wire-line media, viz., those 
received with no permanent record and those received and recorded. 
It was recognized at the time that a number of scientific and engineering 
advances beyond the then-existing state of communication technology 
offered formidable challenges. 
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Early within the twentieth century the burgeoning motion picture 
industry created an insatiable public interest and demand for “moving 
pictures" for entertainment and educational purposes. Responding to 
this stimulated public interest in pictorial displays of current news items, 
the newscasters increased the number of graphics and photographs 
appearing in newspapers and periodicals. Nationwide press associations 
that served competing newspaper publishers in various metropolitan 
areas throughout the country found it necessary to prepare and mail 
film negatives of photographs covering important news events to their 
syndicate publishers. The unpredictable time delays in transporting this 
pictorial information through the mail service convinced the press asso- 
ciations that there must be a better way. Accordingly, they turned to the 
telegraph companies and the Bell System for assistance. 

During World War I, and in response to requests by the press associ- 
ations, engineers at AT&TCo Headquarters made a new appraisal of the 
practicability of making a picture transmission system available for use 
in providing a private-line service to the press associations. Voluminous 
reports were prepared covering inventions submitted by outside 
inventors of picture systems who thought they had solved the problem. 
In every case it was found that the innovations were not suitable for use 
with Bell System long-distance wire plants. The common deficiency was 
a lack of appreciation of the system problem involving transmission of 
pictorial information over long Bell System wire-line circuits, particularly 
the effects of attenuation, delay, and noise on picture quality. 

Beginning around 1918, engineers of the newly formed AT&TCo De- 
partment of Development and Research conducted exploratory work 
to determine the composition of a suitable picture transmission system 
for use with the high-quality long-distance wire-line circuits normally 
used for Bell System telephone or telegraph communications. Early 
in 1920 this exploratory work showed sufficient promise to justify in- 
tensive applied research and development effort and construction of a 
laboratory model of a complete system for demonstrations. 

During the 1920-1923 period, engineers and scientists of the AT&TCo 
Department of Development and Research and at Western Electric 
Headquarters Engineering collaborated closely in the design and appli- 
cation of building-block units comprising a laboratory assembly of the 
system. This work was completed in time to make a private demonstra- 
tion of capabilities at the Bell System President's Conference held at 
Yama Farms, New York, during May 1923. Pictures were sent from the 
Western Electric Engineering Laboratory in New York City to Yama 
Farms over a telephone circuit of about 60 miles. The receiving unit at 
Yama Farms was demonstrated as the pictures were being received. 
The enthusiastic response to this demonstration led to authorization 
for development of a commercial system for transmission of pictures over 
Bell System private-line telephone circuits (July 25, 1923). 
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A public demonstration of the preliminary design of the commercial 
system was made on May 8, 1924, between Cleveland and New York and 
subsequently used for sending pictures from Cleveland to New York 
covering highlights of the 1924 Republican National Convention. A sec- 
ond system was also set up between Chicago and New York during 1924 
and used to send pictures to New York of important views of activities 
during the Democratic National Convention held in Chicago. The 5" x 7" 
pictures derived from these experiments were published in news- 
papers within these cities. The prompt publication on the same day 
that the pictures were taken provided excellent publicity to demonstrate 
the time advantage of transmitting pictorial information electrically over 
long wire-line media as compared to sending pictures by mail. 

Encouraged by the general public interest in this "rapid” electronic 
means of transmitting pictorial information over long distances. Bell 
System management decided to have additional telephotograph 
machines installed in other cities. The plan would provide means of 
sending a picture from a specific point of origin to one or more desig- 
nated receiving points, thus allowing study of the scope and character of 
nationwide market demand. 

To implement the plan it was decided to modify the telephotograph 
machines to improve the fineness of grain of the received picture. 
The scanning rate was increased from 65 to 100 lines per inch and 
recording on the receiving film was changed from the variable-line to 
the variable-density method. 

During the latter part of 1926 the modified machines at New York, 
Chicago, and Cleveland, and machines installed in Boston, Atlanta, 
Cleveland, St. Louis, and Los Angeles, provided the means of testing the 
market demand for a transcontinental commercial service involving the 
transmission and recording of pictorial information electronically. 

The composition of the telephotograph system that came into com- 
mercial use between the pairs of cities mentioned above is shown 
schematically on Fig. 7-25. The diagram shows only half of an in- 
stallation at each station, i.e., the means used to transmit a picture 
from Station A to Station B for reception and recording. Transmission 
of the visual information from A to B requires only one of the two 
available paths in a 4-wire line circuit. The other half is thus avail- 
able for transmitting information from B to A. 

The building-block composition of the sending apparatus includes: 

(/) A motor-driven carriage containing a cylinder upon which the 
positive 5" x 7" transparent print is mounted. The film cylinder 
is moved along its horizontal axis by means of a micrometer 
screw at the same time that it is rotated. Thus, the mechanism 
provides the means of causing a small spot of light to traverse 
the entire film area in a long spiral. 
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Fig. 7-25. Simplified schematic of telephotograph system. (Redrawn from Ives et al. 1925, Figs. 9 and 10) 
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( ii ) An optical system, shown on Fig. 7-26, which includes a 
photoelectric cell, shown in Fig. 7-27. The photoelectric cell, 
a vacuum tube device containing an alkali-metal cathode, is 
capable of emitting electrical currents of varying values that are 
directly proportional to the varying amounts of light that pass 
through the positive film transparency onto the photoelectric 
cell during the point-by-point scanning operation. 

(iii) A picture-carrier oscillator to furnish a frequency of 1,300 hertz. 

(iv) An amplifier-modulator which amplifies the currents of varying 
value that are emitted from the photoelectric cell, and in turn 
modulates the 1,300-hertz carrier frequency from the oscillator 
to provide pulses of varying amplitude in proportion to those 
emitted by the photoelectric cell. 

( v ) A band-pass filter having a “flat in-band" characteristic 
within the range of frequencies from about 800 to 2,000 hertz. 

( vi ) Apparatus to provide accurate synchronization of the rotating 
cylinders at the sending and receiving stations. The apparatus 
at the sending station includes a phonic-wheel motor controlled 
by an electrically operated tuning fork, a 400-hertz control- 
carrier oscillator, and a band-pass filter having a passband of 
approximately 300-500 hertz. Synchronization of the cylinders 
at the sending and receiving stations is obtained by sending 
pulses from the 400-hertz source to the receiving station. The 
pulses are controlled by the electrically operated tuning fork at 
the sending station. The received pulses are used to control 
the speed of the electrically operated tuning fork and phonic- 
wheel motor at that station. 

The apparatus at the receiving station is comprised of: 

(/) A motor-driven carriage assembly similar to that provided at the 
sending station, including a cylinder for mounting an unexposed 
film negative. 

(ii) An optical system, shown on Fig. 7-28, which includes a light 
valve, shown on Fig. 7-29. The system provides the means of 
projecting a beam of light having an intensity corresponding to 
that absorbed by the photoelectric cell at the sending station for 
each small area of the film exposure during movement of the 
synchronized cylinders. 

(iii) A band-pass filter and amplifier to provide input of the 1,300- 
hertz pulses received over the picture channel. 

(iv) A band-pass filter, amplifier-detector, secondary tuning fork, 
and phonic-wheel motor to supply means of driving the cylinder 
and maintaining it in synchronism with the cylinder at the 
sending station. 
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Fig. 7-26. Cross section of sending-end optical system. (Redrawn from Ives et al 
1925, Fig. 1) 








Fig. 7-27. Photoelectric cell of type used in picture transmission. (Ives et al. 1925, 
Fig. 2) 


PROJECTION SENSITIVE 
LENS FILM 


LIGHT 

SOURCE 


CONDENSING 

LENS 


LIGHT 

VALVE 


Fig. 7-28. Cross section of receiving-end optical system. (Redrawn from Ives et al 
1925, Fig. 4) 
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Fig. 7-29. Details of light valve. (Redrawn from Ives et al. 1925, Fig. 3) 
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Figure 7-30 shows the apparatus at the sending end and Fig. 7-31 
that at the receiving end of the system. 

The time of transmission of each 5" x 7" picture was, for a 100-line- 
to-the-inch picture, about 7 minutes. This time was a relatively 
small part of the total time required from the taking of a picture 
until it was delivered to the user in the form of a print. If the 
transparent positive at the sending end was loaded on the cylinder 
while still wet and a print was made at the receiving end from the 
exposed negative before it was dry, the overall time was in the order of 45 
minutes. Figure 7-32 is a 5" x 7" print of a picture taken during the 
inauguration of President Coolidge on March 4, 1925, and sent from 
Washington simultaneously to New York, Chicago, and San Francisco. 

Beginning during 1927, the AT&TCo Long Lines Department made 
use of the eight installations of the telephotograph system described 
above, which was coded Type A, to furnish coast-to-coast commercial 
service to its customers. Interest in this service, particularly by 
press associations, led to the decision by Bell System manage- 
ment that an orderly research and development program leading to an 
improved system should be undertaken by Bell Telephone Laboratories 
(formed during 1925). Accordingly, in a letter dated July 27, 1927, E. 
H. Colpitts (AT&TCo) authorized E. B. Craft (BTL) to carry out 
research and development effort on the Type B system. The Type B 
system is covered in a later volume of this history. 

9.8 Television 

A demonstration of the experimental telephotograph system during 
1923 (see Section 9.7) provided convincing evidence that transmission 
of pictorial images over long wire-line circuits used for telephone 
communications had reached the stage of commercial practicality. 
Consequently, the teams of researchers and technical planners in 
AT&TCo and Western Electric Engineering who had combined their 
skills to reach that plateau of accomplishment were eager to explore 
the technology of television, i.e., transmission of information defining 
images in motion over long distances. 

Herbert E. Ives,who was a major contributor in the technical aspects 
of the work on the telephotograph system, was asked by H. D. 
Arnold to draw up a research program on television, starting 
with a modest attack on the most fundamental problems, with provision 
for expansion to assembly of an experimental system. 

Fundamentals of television, in the broadest sense, include reception 
of a stream of varying-intensity-light signal elements reflected from a 
moving image being scanned, conversion of these elements into 
electrical signals, transmission of the electrical signals to a distant 



Fig. 7-30. Sending-end apparatus showing motor, film carriage, optical system, and 
amplifier-modulator. (Ives et al. 1925, Fig. 7) 



Fig. 7-31. Receiving-end apparatus showing light valve and observation microscope. 
(Ives et al. 1925, Fig. 8) 




Fig. 7-32. Telephotograph sent, using a 100-line-per-inch scan, over a transcontinental circuit. 
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location, and then conversion of the electrical signals into light 
signal elements which by means of a scanner are used to recreate 
the moving image. 

The researchers and planners were confronted with the problem 
of formulating means of performing these sequential functions to a 
requisite degree of sensitivity, speed, efficiency, and accuracy in order 
to recreate a changing scene without appreciable lapse of time and in 
a form satisfactory to the eye. 

Analyses led to the conclusion that the limited capabilities of optical 
and transmission systems at that time precluded the possibility of televis- 
ing extended scenes of fast- moving objects. The available optical systems 
lacked sensitivity in conversion of the low levels of light intensity desired 
from elements of an extended image while it was being scanned. 
The available transmission systems lacked the capability of transmitting 
trains of electrical pulses at microsecond speeds. 

To enable the research program to reach an experimental stage, 
the participants proceeded with design and assembly of functional 
building-block units to make up a system having the capability of 
televising individuals engaged in a two-way telephone conversation. 

For the experiment it was decided that an adequate definition of 
the images would be obtained on a 50-line viewing screen comprised 
of 2,500 visual signal elements. The rate of displaying each complete 
image at least 16 times per second to extinguish flicker was used to 
determine the rate of scanning, i.e., 40,000 elements per second. 
This very modest rate was adopted to fall within the limits of 
capability of the existing wire-line and radio channels. 

The program culminated in private and public demonstrations 
during April and May 1927 of a series of two-way telephone conversa- 
tions between individuals located in Washington, D.C., and New York 
City and between others located in New York City and Whippany, 
New Jersey. The terminal apparatus in New York City was located 
in the Bell Laboratories auditorium and that in Whippany in the Bell 
Laboratories radio laboratory. The apparatus assembly at each of the 
three locations permitted a two-way telephone conversation to be 
conducted by individuals between each pair of terminals. Each 
participant observed the image of the other on a 2-inch-by-2V2-inch 
display located near the telephone instrument. 

A public address system, and a visual adjunct in the form of a 2-foot- 
by-2V2-foot-grid luminous screen comprised of 2,500 neon lamps, were 
installed at the New York terminal. Thus, a performing speaker or 
singer, located in either Washington or Whippany, could be seen and 
heard by the large audience in the New York auditorium. 

Figure 7-33 shows the composition of the Washington-New York 
system in schematic form including the wire-line facilities between the 
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Fig. 7 -33. Schematic diagram of circuits for 1927 television demonstration. (Redrawn from Gannett and Green 1927, Fig. 2) 
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two locations. Radio was used as the transmission link between the 
New York and Whippany terminals, a distance of about 22 miles. 

All participants in the demonstrations and the audiences that 
witnessed them were thrilled to know that at long last electrical 
transmission of views of images in motion over long distances had 
become an accomplished fact. However, the opinions of the researchers 
and system planners who were looking to the future were well 
expressed by Dr. Ives whose appraisal is quoted below: 

It is not easy at this early date to predict with any confidence what will be the 
first or the chief uses for television, or the exact lines that future development 
may take. It must be clearly understood that television will always be a more 
expensive service than telephony, for the fundamental reason that it demands 
many times the transmission channel capacity necessary for voice transmission. 
This expense will inevitably increase in proportion to the size and quality of 
the transmitted image. 

The kinds of service which are naturally thought of upon consideration of 
the services now rendered in connection with sound transmission are: first, 
service from individual to individual, parallel in character to telephone service, 
and as an adjunct thereto; second, public address service, by which the face of a 
speaker at a distant point could be viewed by an audience while his voice 
was transmitted by loud speaker; third, the broadcasting of scenic events of 
public interest, such as athletic contests, theatrical performances and the like. 

The first two types of service just mentioned lie within the range of physical 
practicability, with apparatus of the general type already developed. The 
third type, because of the uncontrolled conditions of illumination, and the 
much finer picture structure which would be necessary for satisfactory results, 
will require a very considerable advance in the sensitiveness and the efficiency 
of the apparatus, to say nothing of the greatly increased transmission facilities. 
For all three types of service, wire or radio transmission channels could be 
utilized, for while the problems incident to securing distortionless transmission 
over wide frequency bands, or multiple transmission channels, are different 
in detail in the two cases, they appear to be equally capable of solution 
by either means. However, the very serious degradation of image quality 
produced by the fading phenomena characteristic of radio indicates the practical 
restriction of radio television to fields where the much more reliable 
wire facilities are not available. 

The above coverage highlights the activities and accomplishments of 
the research and engineering teams that brought the "television" 
system experiment to fruition during the 1920s. Those interested in 
details relating to this extraordinary accomplishment are referred to the 

following technical articles published in the October 1927 issue of The 
Bell System Technical Journal : 

"Television," by H. E. Ives 

"The Production and Utilization of Television Signals," by F. Gray, J. 

W. Horton, and R. G. Mathes 
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"Synchronization of Television," by H. M. Stoller and E. R. Morton 

"Wire Transmission System for Television," by D. K. Gannett andE. I. 

Green 

"Radio Transmission System for Television," by E. L. Nelson. 

The knowledge gained from this combined research and system- 
engineering experiment provided the base for further attack on all of the 
technical problems relative to televising extended scenes containing 
images in motion and televising images of individuals conducting a 
two-way telephone conversation. For details covering these activities the 
reader is referred to a later volume of this history. Meanwhile, to 
illustrate how industries are born and thrive, as a result of an 
important breakthrough in science, the evolution of the television in- 
dustry will be highlighted below. 

Motion picture producers and entrepreneurs in the budding broad- 
casting and electronics manufacturing industries realized the potential 
of televised broadcasting of athletic events, of studio and theatrical 
performances, and of a gamut of other events of public interest. 
Scientists and engineers in these industries were motivated to direct 
effort on television instrumentation problems. 

Toward the end of the decade of the 1930s, cameras and optical 
systems having capabilities of televising extensive scenes had reached 
the stage of commercial practicality. Concurrently, black-and-white 
television receivers became available for public use. 

Following the end of World War II, commercial television broadcast- 
ing became a flourishing business. The early success of this mode of 
broadcasting created public demand for national coverage of important 
events. The Bell System was ready to meet the demands of the television 
broadcasters for interconnection of studios. Carrier-derived transmission 
channels available as spares within the long repeatered coaxial cables 
having capabilities for telephone and telegraph use could readily 
be combined to provide transmission of televised picture-element 
pulses utilizing bandwidths of 3 MHz or more depending upon the 
needs of the broadcasters. By 1951, highly reliable microwave radio 
facilities were augmenting the coaxial cable to provide transcontinental 
service for television networks. The Bell System again demonstrated 
its ability to meet public demand for high-quality communication 
facilities as the need arose. 

9.9 Summary of Accomplishments from 1910 to 1925 

Founders of the Bell System and particularly Theodore N. Vail fore- 
saw the importance of a unified approach to the development and 
expansion of its telephone and telegraph businesses. Nevertheless, 
during the early years of Bell System history, public acceptance of the 
more-convenient mode of communicating by telephone set the style of 
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its research and development programs. Prior to 1910, many scientific 
and engineering advances were made to improve telephone service. They 
were applied to the open-wire and cable plants, to customer station 
apparatus, to switchboards and systems located in central offices, 
and to facilities located in test and maintenance centers. The 
technical advances made and applied to the telegraph plant were 
limited to those described in Section VIII of this chapter. At the end of 
the period the telegraph business of the Bell System was restricted to 
the funishing of Morse telegraph private-line services. 

During 1910, Bell System management decided that the time had 
come to stimulate research and development effort on telegraph and 
other non-voice modes of communicating. Emphasis was placed on de- 
velopment of printing- telegraph instrumentalities and on telegraph plant 
arrangements to anticipate furnishing convenient telegraphic communi- 
cation services comparable to those being furnished by the telephone. 

The management decision provided the impetus for research, 
engineering, and development groups at AT&TCo Headquarters and 
Western Electric Engineering to undertake coordinated programs that led 
to introduction of a succession of new products into the Bell System 
plant. The programs that were activated during the 1910-1925 period 
have been described in Sections 9. 1-9. 8 of this chapter. The 
classes of products that became available for commercial use during 
the period are identified in the following listings: 

Start-stop printing-telegraph instrumentalities: 

Nos. 12 and 13 page-type printer sets ( Teletype Corp.) and also 
earlier replaceable designs 

Nos. 15 and 19 page-type teletypewriters ( Teletype Corp.) 

Tape-type printer and associated apparatus 

No. 14 tape-type teletypewriter ( Teletype Corp.) 

Regenerative repeater 

Four-channel multiplex printing-telegraph system with start-stop 
printer extensions 

Cipher printing-telegraph system. 

Miscellaneous telegraph apparatus: 

209- and 215-type polar relays 

Capacitors, inductors, and resistors used exclusively in telegraph 
applications 

Noise killers and telegraph-thump suppressors 

Ground-potential compensators 

Hit suppressors and lightning drainage networks 

Cross-fire neutralizers. 

Telegraph transmission systems: 

Improved designs of neutral and polar telegraph repeaters having 
capabilities of furnishing printing-telegraph communications over 
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dc grounded simplex and composite "legs" derived from 2-wire 
open-wire line circuits 

DC telegraph equipment for Key West-Havana submarine cables 

DC metallic telegraph system for use with composited circuit 
derived from a 4-wire fine-gauge cable circuit 

High-frequency carrier telegraph system for use above a voice- 
telephone circuit over a 2-wire open-wire line (capacity of ten 
telegraph circuits) 

High-frequency carrier telegraph system for use with the Key West- 
Havana cable 

Voice-frequency carrier telegraph system for use with a 4-wire fine- 
gauge cable circuit exclusive of voice telephone (capacity of 12 
telegraph circuits). 

Teletypewriter switching systems: 

Loop switchboards for use on private-line-customer premises 

Teletypewriter switchboards of special design to meet service needs 
of each particular private-line customer. 

Telephotograph system: 

This is the system that was installed in eight metropolitan areas 
of the United States to provide commercial service from coast to 
coast. 

Testing and maintenance apparatus and equipments: 

Tables and panels for testing 209- and 215-type polar relays 

Automatic means of sending teletypewriter test signals over telegraph 
lines 

Telegraph-stability test set using reversals as a source of supply 

Telegraph-transmission test sets for measuring distortion of start- 
stop teletypewriter signals at receiving terminals of various 
transmission media. 

No. 5 testboard (telegraph positions of this board contained improve- 
ments in features over those contained in the earlier No. 4 
Morse Board). 

Thus, at the end of its first 50 years, the Bell System had success- 
fully demonstrated the unique value of systematic and coordinated 
research and development effort in the advancement of technology, 
not only in telephonic but also in telegraphic and other non-voice 
modes of communicating. At the end of the period (1925) the Bell 
System was positioned to furnish nationwide public telephone and 
non-voice services at a technical level superior to any other through- 
out the world. In the television field the successful research experi- 
ment and related published papers (1927) provided technical guidance 
to the radio-television manufacturing and broadcasting industries during 
the development of television broadcasting equipment and television 
receivers which came into commercial use following World War II. 


Chapter 8 

Materials and Components 


A great deal has been said about the components used in transmission, 
switching, and station systems in Chapters 3, 4, 5, and 6. As new 
communication systems were developed, there was an increased need for 
new kinds of components having highly specialized characteristics in the 
areas of electrical performance and physical configuration. Rarely was it 
possible to use the ordinary commercial product of the time — developed 
mainly for the electrical power and later for the radio entertainment 
industry — to meet the requirements posed by carrier transmission systems, 
high-quality audio systems, and radio communications. Substantial research 
and development effort went into the design of vacuum tubes, transformers, 
loading coils, relays, resistors, and capacitors to ensure long-lived, 
trouble-free performance. This chapter supplements what has been said 
about apparatus and components in the earlier portions of this history and 
complements what will be covered in Chapter 10 relating to physical 
phenomena and the properties of materials. 

I. INTRODUCTION 

There are many components used in a telephone system, most of 
which have required continuing development to meet the changing 
requirements of new communications technology. As one examines 
the technical history in some detail, it becomes apparent that advances 
in components and innovations in design have, in fact, been a 
necessary condition for progress in systems development, as for 
example, the vacuum tube for long-distance transmission, and the 
wave filter for multichannel carrier telephony. 

Only a few of the devices will be described in this chapter, as 
illustrations, to supplement what has been said in preceding chapters 
in relation to station apparatus, transmission, and switching. 

Magnetic materials, inductors, transformers, resistors, capacitors, 
and vacuum tubes will be discussed briefly as examples of the 
interrelatedness of systems and their components. 


799 



800 


Engineering and Science in the Bell System 


Resistors and capacitors were initially basic laboratory devices used 
in connection with instrumentation for electrical measurements. They 
had been traditionally manufactured in small quantities with few 
restrictions as to shape, size, and interchangeability. Their application 
to the new and special needs of telephony required that there be a 
carefully written specification covering element values, a stated 
tolerance that defined the limits of manufactured product, a full 
description of the materials to be used, their purity, treatment, and 
inspection attributes, and other specified qualities that would ensure 
long life and stable performance. And of equal importance, the design 
of the component had to be such that very large quantities of these 
specialized products could be made at a reasonable cost. Thus, as early 
as 1901, the flat 18- and 19-type resistors were designed specifically for 
mounting in relay racks, in a flattened form that resulted in low 
inherent inductance and minimum space requirement, readily man- 
ufacturable in quantity, inexpensive, and with very long service life. 
The application of capacitors to telephone needs took a similar path, 
evolving from a laboratory standard made in small numbers, to a 
mass-produced, long-life device with controllable characteristics. It 
was not a simple transition, for it required years of study of the 
properties of insulating paper used as a dielectric, the conducting foil, 
and the impregnants before the desired stability and cost criteria could 
be attained. 

The design and use of inductors and transformers specifically for 
communication circuits is another illustration of sharp departure from 
the engineering practices of the early 1900s. In contrast to electrical 
power applications, the devices used for telephony were required to 
cover a wide frequency range and to operate with very high efficiency 
at low flux density. Accordingly, the development of suitable compo- 
nents was early directed to a search for magnetic materials having a 
high permeability at low magnetizing force, low hysteresis and 
eddy-current losses, and to designs that minimized distributed 
capacitance and leakage inductance. The problems of impedance 
matching and of operation with superimposed direct current in the 
windings were further complications for the communications trans- 
former engineer. These special requirements had not existed in the 
prior art, nor were the right materials available. The solutions were found 
in a program of research on new magnetic materials, notably with the 
invention of permalloy and other high-permeability alloys, and in the 
analytic approach to transformer design based on network theory. 

The vacuum tube illustrates another way in which new ideas were 
applied to communications technology. What was needed was a 
device with consistent performance, utmost reliability over a long life, 
predictable characteristics that could be controlled in manufacture, and 
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the ability to be produced in large quantities at reasonable cost. As a 
component with a high degree of complexity, it required scientific 
studies that would ensure a basic understanding of the physical 
phenomena involved. With this background it became possible to 
provide the advanced technology needed by the system designer as he 
moved to higher and higher frequencies and faced more stringent 
limitations on noise and distortion. 

The problems of design were thus somewhat similar for the 
relatively complex vacuum tubes and communication transformers. 
They were solved largely by development of classes of general purpose 
apparatus and, in part, by special devices for specific systems. 
Advances in capability followed from fundamental studies of the 
properties of materials and of the physical principles involved. That 
new devices opened the way to new kinds of systems is a theme that 
recurs in the history of communications technology, from the loading 
coil to the transistor and beyond. 


II. MAGNETIC MATERIALS 

2.1 Introduction 

Magnetic materials have played a vital role in the Bell System almost 
from its beginning, and research on these materials was actively 
pursued by the Western Electric Company and its successor. Bell 
Telephone Laboratories. In particular, 1913 to 1935 was a period of 
extraordinary creativity in the field of magnetic materials, unmatched 
anywhere else in the world. 

There were two principal areas of activity. One was primarily a 
search for better understanding of the fundamental physics of magnet- 
ism. Typical interests were in crystal structure and magnetostriction. 
Work in the second area was directed to the discovery of new magnetic 
materials, mostly under the direction of G. W. Elmen, a man well- trained 
in physics and electrical engineering, and an inspired, persevering ex- 
perimentalist. The two areas of research complemented each other, as 
will be noted in Chapter 10, Section IV, "Research in the Sciences of 
Materials," where Elmen's work on permalloy and L. W. McKeehan's 
work on the crystal structure of iron-nickel alloys are described. 

2.2 Permalloy — The Binary Alloys 

In 1913, when Elmen first undertook his investigation of nickel-iron 
alloys, the magnetic materials used in transformers and coils were 
principally iron wire and some silicon-steel laminations, both ob- 
tained from commercial sources. The iron wire, in annealed or in 
partly hard-drawn form, had been used in coils in the Bell System 
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since before 1900. However, the permeability of both the iron wire 
and silicon steel used had an upper limit in the order of only 300 at the 
weak fields corresponding to voice currents. 

Elmen was also concerned with the study of continuous loading of 
Bell System submarine cables, where higher permeability in the 
magnetic materials to be used for loading was of pressing importance. 
This was in addition to the need for higher-permeability materials for 
higher efficiency in apparatus. Accordingly, he tried to find a material 
that, at magnetizing forces of less than 0.2 oersted, would have higher 
permeability and also lower losses than either silicon steel or iron 
wire. By the end of 1915, he had obtained initial permeabilities 1 of as 
high as 2,500 for a 70-percent nickel, 30-percent iron alloy. 

By 1921, it had been found that an alloy of 78.5-percent nickel and 21.5- 
percent iron, specially heat-treated, gave initial permeabilities of upwards 
of 9,000, and not long thereafter, a value of 12,000 was obtained. 

At that time, the invention of permalloy was perhaps the outstand- 
ing engineering contribution in magnetics. The realization of per- 
meabilities one or two orders of magnitude greater than previous 
materials, with correspondingly lower hysteresis losses, was of great 
scientific interest. The engineering value of permalloy was attested to 
by its immediate use in transformers in which a frequency band could 
be transmitted that was four or more times wider than was otherwise 
possible, in transformers having less than one third of their previous 
volume; and by its use in the continuously loaded transatlantic 
telegraph cable laid in 1924, where the loading increased the 
capacity of the cable from 250 to 1,900 letters per minute. 

An indication of the interest in permalloy was the exhibit at the 
Chemical Industries Exposition in New York City in 1925, shown in 
Fig. 8-1. This exhibit, devised by Bell Telephone Laboratories, 
attracted a great deal of attention. By turning the knob at the top of the 
exhibit, visitors could complete a magnetic circuit by successively 
introducing rods of brass, iron, and permalloy. A current was passed 
through a winding placed around one of the legs of the magnetic 
circuit. When this current was reversed, the change in magnetic flux 
induced a voltage in a second coil connected to a meter. With the brass 
rod in position and the current reversed, the meter showed no 
deflection, and with iron only a slight deflection. With the permalloy 
rod in position, the meter went off scale, giving dramatic evidence of 
its high permeability. 

By 1925, 78V2 permalloy and 45 permalloy were well-established 
materials for design. The 78 x /2 permalloy was preferred where the 

1 Initial permeability is the permeability when the flux density becomes vanishingly 
small. 
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Fig. 8-1. Permalloy exhibit at the Chemical Industries Exposition of 1925. This 
exhibit permitted the visitor to test for himself the permeability of brass, iron, and 
permalloy. 

highest permeability was needed, as in high-quality audio transform- 
ers working into grid circuits of vacuum tubes; and 45 permalloy 
was used where its lesser sensitivity to direct current was important, 
such as in transformers working out of the plate circuits of vacuum 
tubes. The continuing work on permalloy involved the ternary alloys 
described in the next section. The development of high-nickel 
permalloy as compressed powder for use in magnetic cores for loading 
coils is described in Section 2.4.3 of this chapter. 

2.3 Permalloy — The Ternary Alloys 

At audio frequencies and higher, eddy currents usually account for a 
large part of the losses in magnetic materials. The continuing 
development to improve permalloy was therefore directed to increas- 
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ing its resistivity, thereby minimizing eddy currents. Since it was well 
known in metallurgy that the addition of certain elements in small 
amounts would increase the resistivity of metals, a program was 
initiated to study the effect of the addition of the elements silicon, chro- 
mium, manganese, antimony, copper, tungsten, and others to permal- 
loy, while hopefully retaining the high permeability of 7 8V2 permalloy. 

By 1921, an alloy of 55-percent nickel, 11-percent chromium, and 
34-percent iron was developed, with a resistivity of 100 microhm 
centimeters, compared to about 17 for 78V2 permalloy, and having an 
initial permeability of 1,000 or more. This was followed by an alloy of 
78.5-percent nickel, 8-percent chromium, and 13.5-percent iron, with 
a resistivity of 90 and an initial permeability above 2,000. 

At first, the addition of the third element increased the resistivity at 
the expense of permeability, but further work showed that with 
chromium permalloy it was possible to obtain higher resistivity as 
well as initial permeability comparable to or greater than 78V2 
permalloy. By early 1925, an eminently useful material with a 
permeability of 13,500 and a resistivity of 45 was obtained with an 
alloy of 78-percent nickel and 1.9-percent chromium, with the 
remainder consisting of iron. 

In the team environment of Bell Telephone Laboratories, the 
apparatus designers were aware of the development of and the 
superior characteristics of the new chromium permalloys. To facilitate 
the introduction of new alloys in designs, a magnetics expert was 
placed in the design organization, with the specific responsibility of 
evaluating new materials and establishing requirements for manufac- 
ture. The designers were eager to test sample laminations of the new 
materials. The new alloys, however, could not be incorporated in 
designs until it was established that they could be manufactured to 
reasonable magnetic performance tolerances, and that the Hawthorne 
Works of the Western Electric Company could make laminations on a 
dependable production basis. By 1929, the supply of laminations was 
so assured, and 3.8 chromium permalloy with a permeability of 10,000 
and a resistivity of about 60 was the alloy chosen for transformers. 

Development work on permalloy containing molybdenum followed 
closely after the work with chromium. In 1925, a permeability of over 
20,000, higher than that previously attained with any magnetic 
material, was realized in an alloy of 78.5-percent nickel, 3.7-percent 
molybdenum, and 17.8-percent iron, using a special heat treatment 
with a precisely controlled cooling rate. (This alloy had a resistivity of 
55.) The characteristics of the molybdenum permalloy and the earlier 
chromium permalloy were sufficiently similar to make them rival 
materials. The earlier alloy, 3.8 chromium permalloy, was being used 
in audio-frequency transformer designs with magnetic characteristics 


Materials and Components 


805 


highly satisfactory in 14-mil lamination form and much superior to 
78V2 permalloy. Since it would have been uneconomical to standardize 
both materials, a choice between them had to be made. 

One of the determining factors in the choice between the two alloys 
was surface effects in chromium permalloy. The permeability of the 
chromium permalloy laminations was not as high as the intrinsic 
permeability of the alloy itself. Studies revealed that there was a 
surface layer in the laminations whose permeability and losses were 
markedly inferior to the material in the interior of the laminations. 
When this surface layer was etched off with acid, the lamination, 
though thinner, exhibited the high permeability characteristic of the 
alloy. The "layer effect" was not pronounced in laminations 14 mils 
and thicker at low audio frequencies, the first and most important 
use. At higher frequencies, where eddy currents cause a higher 
concentration of magnetic flux near the surface, and in thinner lami- 
nations, where the surface layer is a larger proportion of the cross 
section, the effect is serious. The chromium permalloy was also found 
to have a harder surface, causing greater wear on punching dies than 
did molybdenum permalloy. 

Since the 3.7 molybdenum permalloy did not show the surface 
effects, and the trend in development work was toward higher 
frequencies where surface effects were most deleterious, a decision 
was made to standardize the molybdenum alloy. This decision, made 
around 1930, has stood the test of time, and this alloy is still the 
principal permalloy, both in laminar and in powder form. 


2.4 Magnetic Materials for Loading Coils 

In passive components, the largest and most important use of 
magnetic materials was the loading of telephone lines (see Chapter 4, 
Section IV). The demand for loading coils in the Bell System has 
always been very large, with an accumulated total production through 
1915 of 530,000, continuing at the rate of 90,000 per year. The average 
annual production rose to 600,000 coils in the 1920s. Since the need for 
loading is a unique feature of a telephone system, and the demand for 
telephony was great, it was necessary to have a continuing research and 
development program on magnetic materials specifically for loading. 

By far the largest factor in the efficiency of loading coils is the 
magnetic material used in them. The development of loading coils, 
accordingly, has been linked closely with the development of magnetic 
materials specifically for such use, with the closest cooperation 
between research and loading-coil development people. In the years 
up through the 1920s, loading was of the highest technical and 
economic importance to the Bell System; and despite the introduc- 
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tion of carrier systems on a large scale, loading was still important in 
the 1970s, with annual production of about 10 million coils. 

2.4.1 Wire Cores 

From the early 1900s, loading coils were of toroidal-type construc- 
tion, consisting of hard-drawn insulated steel wire 0.004 inch in 
diameter, obtained from commercial sources, the fineness of which 
assured low eddy-current losses. The hard-drawn wire was preferred 
over soft iron wire even though the permeability was lower, because it 
was magnetically more stable and had lower hysteresis, which meant 
lower losses in the magnetic core. The wire was produced in 
permeabilities of 95 and 65, the lower but more stable permeability 
being attained by less frequent annealing between draws. Loading 
coils with such cores were used in large numbers but were not on the 
whole as stable as desired. For example, a superposed dc magnetizing 
force of H = 45 would reduce the inductance of a 65 permeability 
iron-wire core to 35 percent of its original value, recovering to only 62 
percent upon removal of the current. In composite systems transmit- 
ting telegraph and voice currents simultaneously, the variation in 
inductance of the loading coils with large telegraph currents caused a 
corresponding variation in the voice transmission, a highly objection- 
able effect known as "flutter.” The addition of air gaps in 1914 by the 
method of cutting cores in half and inserting non-magnetic spacers 
was only partially effective in reducing inductance instability. 

2.4.2 Iron-Powder Cores 

Research had been pressed to develop improved magnetic materials 
for loading. The concept of using divided iron to minimize eddy- 
current losses had appeared in the earliest literature, and around 1913, 
J. B. Speed, who was "rather inventive and something of a genius," 
according to one of his contemporaries, conceived of a core of 
insulated iron powder compacted under high pressure. The fineness of 
the powder would ensure low eddy-current losses, and the myriad air 
gaps due to the insulation between the particles would provide more 
than adequate inductance stability. Despite intensive and varied 
experimentation, a problem persisted: obtaining an insulation thin 
enough to minimize the separation of the particles, yet tough enough 
to withstand the 100,000 or 200,000 pounds per square inch pressure 
required to compact the cores without having insulation breakdown. 
Both high pressure and thinness of insulation are essential to reduce 
the effective air gaps and provide a dense core, with adequate 
permeability upwards of 50. The advent of World War I increased the 
need for a solution to the problem, since it prevented the importation 
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from Europe of the diamond dies for drawing the wire used in the 
wire type of cores. 

As so often happens in intensive research, a fortuitous circumstance 
caused the breakthrough. It was observed that cores consisting of 
powder milled in one drum, which had originally been used for 
another purpose, were superior to those from powder milled in other 
drums. In searching for reasons for the superior performance, an 
examination of the particular drum revealed that it was zinc-lined, and 
chemical tests quickly disclosed that there was zinc in the coating over 
the iron particles. Further work confirmed that this coating, plus 
shellac, was tough enough to withstand the high compacting pres- 
sures. A commercial process for their manufacture now was im- 
mediately available, and iron-powder cores 2 were placed in production 
in 1916. 

The process of manufacturing the cores, in brief, was to ball-mill 
electrolytically deposited iron into powder and to anneal the powder 
in cast-iron boxes at 850°C. The iron powder, mixed with zinc flakes, 
then was rolled in a drum, the flakes removed, and shellac applied. 
Cores were pressed in steel dies at 200,000 pounds per square inch, 
which gave them a high tensile strength as well as good permeability. 
The cores were made in Grades "A," “3," and "C," with per- 
meabilities of 55, 30, and 26, respectively, and with the lowest 
permeability having the lowest losses. Grade "A" consisted of 
80-mesh annealed iron powder and Grade "B" of 90-percent annealed 
and 10-percent unannealed powder. Grade "C" differed from "B" in 
fineness of the powder (200 mesh) and in the use of somewhat heavier 
insulation. The choice of the grade in any coil application depended 
on the importance of high permeability in relation to low losses in the 
specific design. 

The development of iron-powder cores was a major accomplishment 
in the field of magnetics. The powder cores were half the volume, 
cheaper, and more stable, with lower losses than the iron-wire cores 
with air gaps (see Fig. 8-2). Loading coils using these cores were 
admirably suited to the needs of the telephone plant because of their 
stable inductance and low losses, and for these same reasons, the cores 
also found important uses in retardation coils for filters and networks. 

2.4.3 Pertnalloy-Powder Cores 

Despite the success of iron-powder cores, magnetic materials 
research — the search for even better and cheaper materials — con- 
tinued. Permalloy, with its characteristically high permeability and 
very low hysteresis, was a logical material to use for powder cores. 

2 The success of the development was largely due to the direction of W. Fondiller. 


808 


Engineering and Science in the Bell System 



WIRE CORE 
CODE 508 
1904 


7-RING 
IRON DUST 
CORE 
CODE 574 
1916 


2-RING 
IRON DUST 
CORE 
CODE 602 
1925 


POWDERED 
PERMALLOY 
CORE 
CODE 612 
1927 


Fig. 8-2. Iron-wire and iron-powder cores. 


The first step in the long development of permalloy-powder cores 
was taken in 1920. A mixture of fine powders of 78-percent nickel and 
22-percent iron was heated to cause alloying and, at the same time, to 
form a sintered mass. This mass was crushed in a ball mill to form 
powder, which then was placed in dies and molded under pressure 
into cores. Although the results were not significantly superior to the 
iron-dust cores, the experiment did demonstrate that permalloy- 
powder cores could be made, and this discovery provided the basis for 
broad patent coverage for nickel-iron powders. 

The development of permalloy-powder cores was a far more difficult 
undertaking than the work on earlier iron-powder cores. Permalloy, 
which was characterized by such high permeability and low losses, 
was also physically soft and malleable. The latter property made 
reduction to powder difficult. Permalloy was also highly strain- 
sensitive, so that the deformation of the particles at the high pressures 
up to 200,000 pounds needed to compact the powder would in turn 
reduce the permeability to values comparable to ordinary iron. Also, 
to capitalize on the high permeability of the permalloy, it was essential 
that the air gaps due to the insulation spaces between the particles be 
at an absolute minimum. There was some question in the early days as 
to whether these problems might be insurmountable barriers to the 
development of a successful permalloy-powder core. 

Nevertheless, the investigation continued. In the manufacturing 
department at Hawthorne, research work on manufacturing methods 

was expedited. Early in 1925, these efforts produced the first modest 
successes. The engineers at Hawthorne had devised methods of 
melting and subsequent working of the cast alloy ingot into strips 
rolled to V4-inch thickness and thereby made so brittle that the metal 

could be reduced to powder by standard methods. After the powder 
was pressed into cores, permeabilities that were significantly higher 
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than those with the iron-powder cores were achieved after moderate 
heat treatment. 

The development of permalloy-powder cores proceeded on a broad 
front, with the specialists in metallurgy being responsible for the work 
on powders, and the magnetics research and development people 
working on the powder cores. It was evident that for high permeabil- 
ity the density of the cores would have to approach that of the metal 
itself, calling for high core-forming pressures, unavoidable deforma- 
tion of the particles, and corresponding loss of intrinsic permeability. 

The solution appeared to be heat treatment of the cores after their 
formation to restore the high permeability and the low losses of the 
permalloy particles. Temperatures required for such treatment were in 
the order of 500°C, so that insulation that would give only minute 
separation of the particles and would stand up under such high 
temperatures had to be found for the particles. Progress came 
stepwise, and by 1926 a successful process was achieved. As described 
in 1927, the development required “continuous experimental work 
over a period of several years before it was brought to a successful issue. 
It represents the result of highly cooperative efforts embracing research 
and developments in chemical, metallurgical and electrical fields." 

Permalloy-powder cores went into production in 1926, superseding 
the iron-powder cores. The insulation was sodium silicate, powdered 
talc, and chromic acid, the last being later replaced, because it was 
somewhat toxic, by tartaric acid. The powder was 120-mesh, 81 
permalloy. Forming pressures were 200,000 pounds per square inch 
and the cores were annealed in air at 500°C. The permeability of the 
cores so produced was 75. 

A measure of the improvement obtained over the existent Grade "B" 
iron-powder cores, which are most nearly comparable, is given by the 
following values: Residual coefficient 37 x 10 -6 , hysteresis coefficient 
5.5 x 10~ 6 , and eddy-current coefficient 51 x 10 -9 . The corresponding 
coefficients for the 35 permeability Grade "B" powder cores are 
109 x 10“ 6 , 49 x 10~ 6 , and 88 x 10~ 9 , respectively. (The coefficients are 
defined in the next paragraph.) A lower permeability (26) permalloy- 
powder core, which was more stable, later followed in production. The 
superior characteristics of the new cores made possible a reduction in 
core volume of 5 to 1. 

2.4.4 Core Loss Analysis 

A major contribution that evolved from the development of powder 
cores was the precise determination of core losses. Studies had 
disclosed that the conventional eddy-current and hysteresis concepts 
were not adequate to describe the losses in the cores. An additional 
loss, referred to as the residual loss, had to be taken into account. An 
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exact formulation of core losses requiring three terms was developed 
in 1927 or earlier, as follows: 

R 

= c + aB + ef, 

IxLf 

where R and L are the effective resistance, in ohms, and the 
inductance, in henries, of the coil (with wire resistance subtracted); /x 
is the core permeability relative to air, / the frequency in hertz, and B 
the maximum flux density in gauss; and c, a, and e are the residual, 
hysteresis, and eddy-current coefficients, respectively. By taking 
measurements at different frequencies and flux densities, the 
coefficients can be determined by straightforward analytical or conve- 
nient graphical methods. 

This breakdown of the loss into its components greatly assisted the 
course of the development. The eddy-current coefficients could be 
related to the sizes and shapes of the particles, the resistivity of the 
alloys, and the effectiveness of the electrical insulation between the 
particles. The two other coefficients could be related to the magnetic 
characteristics of the alloys and the heat treatments of the particles and 
the cores. These coefficients later became the industry standard for 
characterizing compressed powder cores with precision. 

2.4.5 Molybdenum-Permalloy-Powder Cores 

While the permalloy-powder development was still under way, 
work was started on powder cores of permalloy in which a third metal 
such as chromium was added. The purpose was to take advantage of 
the higher resistivity of the ternary alloys to lower the eddy-current 
coefficient. By 1926, molybdenum permalloy (in laminar form) had 
been developed, having the expected high resistivity and low losses 
with a permeability of 20,000. Development work on powder cores 
was therefore channeled toward utilizing these superior properties. 

The higher permeability of molybdenum permalloy did not in itself 
increase the core permeability very much because the myriad air gaps 
in the core largely controlled its permeability. The higher resistivity 
and lower magnetic losses characteristic of the material, however, 
offered significant advantages. The development proceeded with the 
same thoroughness and in much the same way as that of the 
81-permalloy-powder cores. The latter had represented so large an 
advance over the earlier iron-powder cores that the price of further 
improvement was a great deal of effort, much of which was in the 
nature of refinement of methods and processes. In this development, 
many problems of alloy embrittlement, pulverization, insulation, and 
heat treatment had to be solved, on both a laboratory and a factory 
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scale. In the course of the work it was found that, by heat treating the 
cores in a hydrogen atmosphere at temperatures considerably higher 
than that used for the permalloy-powder cores, much lower hysteresis 
losses could be realized. At the same time, a new type of ceramic 
insulation was introduced that was more inert than that used 
previously. Refinements in insulation methods were made to effect a 
high degree of compaction and correspondingly higher permeability 
than before. 

The later part of the development work was slowed by the onset of 
the Depression, and the new molybdenum-permalloy-powder cores, 
which superseded the permalloy-powder cores, did not go into 
production until 1934. The composition finally chosen was 2-percent 
molybdenum, 81-percent nickel, and 17-percent iron, designated 2-81 
molybdenum permalloy, used as 120-mesh powder. The cores were 
heat-treated in hydrogen at 650°C, with a resulting core permeability 
of 125. The residual, hysteresis, and eddy-current coefficients were 
30 x 10 -6 , 1.6 x 10~ 6 , and 19 x 10 -9 , respectively, in the order of a 
two-fold improvement over the previous permalloy-powder cores. The 
new cores 3 made possible a 2:1 reduction in core volume for loading 
coils, compared with the earlier permalloy-powder cores, while at the 
same time giving appreciably better coil performance in stability 
modulation and "flutter.” 

2.5 Other Applications 

Although the new cores were primarily intended for loading coils, 
they found immediate and equally important use in coils for 
oscillators, filters, and networks for carrier systems because of their 
low losses and low modulation. The introduction of these new cores 
was very timely, since it coincided with the rapid expansion of carrier 
system development for open wire lines, cables, and the newly 
introduced coaxial cables. For carrier filters and network coils, cores 
with permeabilities of 26 and 14 were introduced. These were similar 
to the 125-permeability cores except for a somewhat smaller particle 
size and the dilution of the powder with non-magnetic powder, 
yielding from 25- to 50-percent-high.er coil Q s (Q is the ratio of 
reactance to resistance and is a measure of coil efficiency). 

Later, a series of stabilized cores were made available, in which the 
permeability changed less than 0.03 percent from 45°F to 108°F, which 
was necessary in some cases to prevent the shifting of transmission 
bands of filters due to changes in the inductances of component coils 
with temperature. The cores were stabilized by adding a small amount 

3 V. E. Legg was one of the principal contributors. 
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of 12-percent molybdenum permalloy powder, which has a very high 
negative permeability-temperature coefficient, to offset the small 
positive coefficient of the regular powder cores. By adjusting the 
proportion of additive powder, a wide range of temperature 
coefficients could be provided. The other properties of the cores were 
not significantly affected. 

Inductance coils using the new cores came into large-scale general 
use in the Bell System and were one of the underpinnings of the 
carrier technology. In the succeeding 30 years or more, the 
molybdenum-permalloy-powder cores — virtually unchanged, and 
widely used in World War II — became the standard of the industry. 
Successful production of the cores is a highly detailed art, and this art 
and its patent rights were given to industry. As of the early 1970s, 
some 20 million cores, nearly half for loading coils, were manufactured 
by the Western Electric Company, and nearly as many by companies 
outside the Bell System. 

2.6 Magnetic Materials for Continuous Loading 

For circuits on land, the loading by use of coils at intervals along the 
lines is more economical than continuous loading. Coils also are more 
economical for cables in relatively shallow water, like those crossing 
wide rivers. On the other hand, the loading of deep-sea cables by the 
addition of coils presents formidable problems in fabrication, in the 
laying of the cable with the coils, and in protecting the coils from 
ocean-bottom pressures. For such cables, continuous loading not only 
presents a better technical solution but also is more economical. 

Theoretical studies of continuous loading were undertaken in the 
Bell System as early as 1897. Iron- wire-type loading was used, but to a 
very limited extent, in Europe in the early 1900s, and in the Vancouver 
cable in 1913. In the Bell System, loading developed along the lines of 
using spaced coils as the more economical method for land lines. The 
first application of continuous loading in the Bell System was for the 
submarine-telephone coaxial cable from Key West, Florida, to Havana, 
Cuba, placed in service in 1921. 

Initially, because of its superior properties high-permeability 
permalloy tape was to be used for loading this cable. These plans, 
however, were slowed up by American entry into the war in 1917. 
After the war, the demand for telephone service to Cuba had become 
urgent. At that time, the use of permalloy tape for the cables would 
have entailed the development of cable manufacturing methods, 
which would have taken considerable time; and, in addition, delays 
were probable if new materials and new methods were used. 
Therefore, the time element compelled the use of iron wire for loading. 
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A single close layer of 0.008-inch iron wire was applied directly over 
the central copper conductor, resulting in a total inductance of 4.35 mH 
per nautical mile. The iron wire was covered by insulation, over 
which concentric copper tapes were wrapped to provide the return 
circuit. In addition to two-way voice circuits, each cable was intended 
to carry as many as three carrier-telegraph circuits above the voice 
range, as well as dc telegraph. 

Since the effective permeability of the iron wire was only about 115, 
permalloy was chosen for the continuously loaded telegraph cable laid 
between New York and the Azores in 1924 and placed in service in 
1925. The method used was to spirally wrap the central conductor with 
6 -mil, 0.125-inch-wide, 7 8 V 2 permalloy tape; to heat-treat the wrapped 
conductor to restore the magnetic properties of the permalloy without 
damaging the copper conductor; and then to insulate and complete the 
fabrication of the cable in the usual manner (see Fig. 8-3). The effective 
permeability of the permalloy spiral was 2,300 and the resulting total 
inductance of the loaded cable was 54 mH per nautical mile. The 
capacity of the cable was 1,900 letters per minute, compared with 250 
for an unloaded cable. It should be noted that the New York- Azores 
cable was a Western Union cable, but it was designed and its 
construction in England was supervised by Western Electric develop- 
ment engineers, and the Western Electric Company furnished the 
permalloy tape used in it. This cable served as a prototype for many 
similar transoceanic telegraph cables around the world. 

Effort was next directed to the continuous loading of a transatlantic 
cable for telephone transmission, a formidable engineering project. 
The technology of the day had not advanced sufficiently to make 
deep-sea repeaters practicable. For natural speech, the transmission of 





Fig. 8-3. Deep-sea permalloy loaded cable. 
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a frequency range up to 3,000 hertz is necessary, nearly two orders of 
magnitude higher than that required for telegraph. Since the attenua- 
tion of a cable increases rapidly with frequency, the loss at the highest 
frequency is extremely high. The cable was planned for use between 
Newfoundland and Ireland, some 1,800 nautical miles, over which 
distance the attenuation at 3,000 hertz is 165 dB. It was essential, 
therefore, that the attenuation of the cable be reduced to an absolute 
minimum through inductive loading, and that the loading be as 
loss-free as possible if the weak signal received at the far end of the 
cable were to be detectable. For this application, the unique properties 
of perminvar were essential prerequisites, that is, extremely low 
hysteresis loss and constant permeability. 4 The eddy currents were to 
be minimized by using the perminvar in the form of very thin tape. 
Voice switching was to be used, which meant that at both ends the 
receiving apparatus was to be normally connected to the line; then 
each speaker's voice currents would switch his end of the line to the 
transmitting apparatus. 

The design was completed in the late 1920s. The loading consisted of 
four spiral layers of 1-mil-thick perminvar tape and the return circuit 
consisted of copper tape, as in the Havana-Key West cables. Because 
at that time the only cable manufacturer was in Europe, a task force of 
Bell Laboratories people was stationed in Germany for a period of two 
to three years, beginning about 1930, to assist in the manufacturing 
development, oversee the production, and test the completed cable. 

From an engineering standpoint the project was a success. A 20-mile 
section of the manufactured cable was laid in the deep-water part of 
the Bay of Biscay, and tests made on this sample section were 
satisfactory in all respects. Unfortunately, at about that time the 
Depression began. The work was at first slowed down and then the laying 
of the entire cable was finally abandoned for lack of funds. Work on 
the loaded transatlantic telephone cable was never revived. In the late 
1930s, the possibility of a carrier system on cable with submerged 
repeaters was being seriously considered, promising several channels 
at a cost not much greater than for the single-channel loaded cable. 
After World War II, the repeatered transatlantic cable was successfully 
developed and went into service in 1956. 

2.7 Magnetic Testing Equipment 

The extensive programs for developing magnetic materials were 
facilitated by measuring equipments specific for that use. Main 

4 The perminvar composition considered was 47-percent Ni, 25-percent Co, 20-percent 
Fe, 7.5-percent Mo, and 0.5-percent Mn. The addition of the molybdenum increased the 
resistivity. 
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dependence originally was on the standard ballistic methods of 
measurement. Such methods, however, were not sufficiently sensitive 
for measurements at very low magnetizing forces, corresponding to 
those in most communication circuits. For such measurements, the 
inductance bridges developed in the 1900s in the Engineering 
Department of the Western Electric Company proved to be a valuable 
tool. They provided an easy and far more precise method than the 
ballistic galvanometer for measuring permeabilities at low flux densities . 

In 1911, W. J. Shackelton, then a young engineer, was given the task 
of improving these bridges, which had lacked precision and often 
gave erratic results, to meet the need for increased accuracy for the 
advancing communication art. Through study of the circuitry, Shackel- 
ton discovered the sources of instability and inaccuracy and redesigned 
the bridges, using skillfully disposed electrostatic shielding of the 
bridge arms. Work was continued over the years to refine and extend 
the frequency and inductance ranges of these bridges to keep pace with 
the magnetic material, coil, and transformer development work. 

An important instrument specifically developed in 1920 for magnetic 
tests was the Kelsall 5 furnace permeameter. With this instrument, sam- 
ples of magnetic materials could be tested at temperatures as high as 
900°C. The furnace permeameter depends on the transformer principle 
for its operation (see Fig. 8-4). The furnace itself is a thermally insulated 
torus within which the toroidal sample is placed. The sample is heated by 
wires adjacent to it. A high-permeability toroidal core wound with 
many turns of fine wire serving as a primary is located coaxially with 
the furnace and close to it. A hollow copper rod extends through this coil 
and the furnace, with the rod, the top and bottom copper covers, and the 
copper outside shell functioning as a single turn linking the specimen 
and the wound core. The magnetic properties of the specimen, by trans- 
former action, can be determined by measurements made on the primary 
winding described above. 

The furnace permeameter, in addition to determining the magnetic 
properties of alloys at different temperatures, made it possible to meas- 
ure these properties accurately as the temperature of the sample was 
raised or lowered through the transition region, giving important insight 
into the metallurgical structure of magnetic alloys. 

ID. COMMUNICATIONS TRANSFORMERS 
3.1 The Early Years 

The first transmission of speech by telephone, the famous words of 
Bell to Watson, took place in March 1876. Even in that earliest 

5 Named after its inventor, G. A. Kelsall, a Bell Laboratories engineer. 
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Fig. 8-4. Kelsall furnace permeameter. (From U. S. Patent No. 1,475,438) 


telephone circuit, the communications transformer played an integral 
part. Only about a year later, in October 1877, a patent application was 
filed on the use of a transformer to interconnect the battery, 
transmitter, receiver, and line. In 1879, the Western Electric Company 
marketed the “Universal Switch," an elementary form of switchboard 
employing a transformer in the operator's telephone circuit. A year 
later, in 1880, a patent was issued to Watson 6 covering the use of a 

6 T. A. Watson; U.S. Patent No. 232,788; filed July 10, 1880; issued September 28, 
1880. 
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transformer to connect a two-wire metallic line circuit to a subscriber's 
grounded circuit to minimize the effect of noise picked up by the line. 

In those days transformers were called induction coils. Some years 
later the term repeating coil came into use; the coil was said to repeat 
the signal by induction from one circuit to the next. In the course of 
time, the term induction coil became restricted and applied only to 
transformers used in telephone sets; the term repeating coil was 
applied to transformers used to interconnect lines and, until about 
1913, for all other purposes. 

3.1.1 Early Induction Coils 

It is not surprising that the transformer found such early use in the 
subscriber's telephone set (see Chapter 3, Section 3.1). In the first 
telephone set, the battery, transmitter, receiver, and line were all 
connected in series. Since the resistance of the transmitter was very 
small, the variations in this resistance with the talking sound waves 
resulted in only minute changes in current in the circuit. By 
connecting the battery and transmitter to a primary winding of an 
induction coil, and the receiver and line to a secondary winding 
having a much larger number of turns, two advantages accrue: a larger 
direct current flows through the transmitter, giving higher current 
changes with impressed sound waves; and, by transformer action, 
relatively high voltages are impressed on the line, resulting in a far 
more efficient set (see Fig. 8-5). The early induction coils consisted of a 
bundle of straight iron wires in a wooden spool wound with a primary 
and a secondary winding. This form of construction was quite 
inexpensive, gave adequate performance, and therefore remained 
unchanged in essential features well into the 1900s (see Fig. 3-33). 

3.1.2 Early Repeating Coils 

Repeating coils with center taps found early use in circuits for 
simultaneous telephone and telegraph operation, called "simplexing.'' 
They were also used in a common-battery exchange installed in 
Lexington, Massachusetts, in December 1893. There the coils 7 kept the 
various voice circuits separated while simultaneously supplying direct 
current from a common-battery source to all the subscribers. Repeat- 
ing coils later found a very important use in phantom circuits, where 
they made possible three telephone conversations over two pairs of 
wires on an efficient basis. Figure 8-6 shows the arrangement of the 
windings of such repeating coils, as covered in a patent granted to J. J. 
Carty in 1886. 8 However, the design of repeating coils for adequate 

7 Later called "battery-supply repeating coils." 

8 J. J. Carty; U. S. Patent No. 348,512; filed February 2, 1886; issued August 31, 1886. 
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balance was not understood at that time, and phantom circuits 
remained something of strictly scientific interest for many years. 


3.1.3 Early Phantom Repeating Coils 

It was not until 1902-1903 that a phantom circuit was put into 
commercial operation between Lewiston, Maine, and Berlin, New 
Hampshire, initially using solenoidal repeating coils. H. S. Warren 
had established the design of loading coils on a more scientific basis in 
1901, with their construction consisting of copper wire wound on 
toroidal cores made up of fine insulated iron wire. The design 



Fig. 8-6. Phantom circuit showing use of repeating coils. (Redrawn from U. S. Patent 
No. 348, 512) 






Materials and Components 


819 


concepts developed by Warren for loading coils were useful also for 
repeating coils. Late in 1903, repeating coils of the new toroidal type 
replaced the coils initially used in the first phantom circuits, and they 
"showed great improvement" in circuit performance. Shortly thereaf- 
ter, in 1904, the 37A repeating coil was designed, characterized as the 
"first satisfactory" phantom repeating coil (see Fig. 8-7). 

3.1.4 Hybrid Transformers 

One form of the communications transformer that early performed a 
unique and very valuable function in telephony is the hybrid 
repeating coil or transformer, in later years called the bridge trans- 
former. The concept of the hybrid transformer is old, antedating 1890, 
and the use of such a transformer in repeaters was covered by a Bell 
System patent filed in 1902. The first successful electromagnetic 
repeater, called the Shreeve "telephone relay," came into use in 1904 
and depended on hybrid transformers for its operation. The hybrid 
transformer construction that evolved for this purpose was similar to 



7 
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TOROIDAL TYPE PHANTOM 
CIRCUIT COIL, ENCLOSED IN 
A CROSSTALKPROOF SHELL 
AND MOUNTED ON A WOODEN 
BASE. 

COIL HAS FOUR WINDINGS. 

WINDINGS: (1-2) AND (5-6): 
APPROXIMATE RESISTANCE 
OF EACH 35 OHMS. 

WINDINGS: (3-4) AND (7-8): 
APPROXIMATE RESISTANCE 
OF EACH 36 OHMS. 

IMPEDANCE RATIO 1 TO 1 
REPLACED BY NO. 46-A. 


Fig. 8-7. No. 37A repeating coil. (Redrawn from Western Electric Apparatus Catalog) 
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the repeating coils of that period. An amplifier is inherently a one-way 
device, receiving weak currents at the input terminals and transmit- 
ting amplified currents at the output. The hybrid transformer makes it 
possible to use such a one-way amplifying element for two-way 
transmission, as in the 21-type repeater circuit, 9 which came into use 
before 1911, and the 22-type repeater circuit 9 in 1914. 

3.2 Distinctive Features 

Even in the early years the communications transformer had little 
design resemblance to its progenitor, the power transformer. The 
communications transformer usually operates at milliwatts where 
heating is not a factor, instead of kilowatts as in the power variety; 
millivolts instead of kilovolts; the magnetic materials at a flux density 
of a few gauss instead of kilogauss; and over a band of frequencies 
instead of at a single frequency. 

A property of the transformer that accounts for much of its use in 
telephony is that of providing an impedance match. A transformer 
may be used, for example, to connect a cable having a characteristic 
impedance of 130 ohms to an open wire line of 600 ohms. If the proper 
turns ratio is used in the transformer, the cable and open wire line 
impedances are matched, which means that signals are transmitted 
smoothly in either direction, without reflection, just as if the circuit 
consisted entirely of a cable or an open wire line. 

3.3 Transformer Equivalent Circuit 

At this point in the discussion, a brief reference to the equivalent 
circuit of the communications transformer is made to help the reader 
understand the description of the various designs that follow. 

From the transmission standpoint, the communications transformer 
may be represented exactly by the equivalent circuit of Fig. 8-8. In the 
circuit shown, the T network is the familiar unity ratio T of a 
transformer, with Z A and Z B related to the primary and secondary 
leakages and dc resistances respectively, and with Z M the impedance 
due to the magnetic core. Cj and C 2 are the primary and secondary 
winding capacitances, and the dashed lines enclose an idealized 
transformer whose ratio is equal to the turns ratio of the actual 
transformer. Thus, the various elements of the equivalent circuit can 
be related to the various components of the physical transformer and 
its performance calculated in advance. Z M is usually relatively large 
and influences only the low end of the band, and Z A , Z B , C lr and C 2 are 
all relatively small and influence primarily the upper end of the band. 


9 See Section 4.2.4, Chapter 4. 
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3.4 Input Transformers — Early Designs 

The development of vacuum tube amplifiers around 1912 called for a 
new and different kind of transformer. The input or grid circuit of the 
vacuum tube has an exceedingly high impedance; consequently, 
higher amplification could be gained in a repeater simply by 
increasing the number of secondary turns, as may be seen from Fig. 
8-8. Such transformers working into a grid circuit are called “input 
transformers.” Where the application requires a resistive impedance 
viewed at the primary winding of the transformer, a very high 
resistance is usually placed across the secondary winding, and the 
“matched impedance" principle described previously applies. 

In the toroidal construction used at the time for repeating coils, only 
No. 31 gauge wire or heavier could be wound with the existing 
winding machines, severely limiting the number of secondary turns 

SOURCE 



IDEAL 


Fig. 8-8. Exact equivalent circuit of communications transformer. 



Fig. 8-9. Straight silicon-steel transformer core design of 1913; its size is 9 by 3 
inches. 
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that could be applied, and placing a ceiling on the step-up and 
consequent amplifier gain that could be obtained. This limitation led 
in 1913 to a new type of design, whose construction is illustrated in 
Fig. 8-9. The magnetic core consisted of 14-mil silicon-steel strips. The 
spool-type windings permitted very fine wire to be used so that a large 
number of secondary turns giving high step-up and high amplifier 
gain could be obtained. The spool was arranged in sections to 
minimize the secondary winding capacitance which, referring again to 
Fig. 8-8, might otherwise have caused attenuation of the higher 
frequencies in the voice transmission band with consequent loss of 
distinctiveness in the transmitted speech. 

The external field of the 1913 transformer proved troublesome and 
led to the closed magnetic circuit designs of 1914 and 1915, shown in 
Figs. 8-10 and 8-11. These also used 14-mil laminations and, as may be 
seen in the illustrations, borrowed construction details from the power 
transformer art. The advanced state of the technology at that time is 
illustrated by laboratory reports written in 1915 and early 1916. These 
reports give a sophisticated discussion of an experimental design 
having the very high impedance ratio of 2,000 to 600,000 ohms. The 
loss and reflection coefficient at 400 hertz were 0.5 dB and 12 percent, 
and at 2,000 hertz, they were 0.25 dB and 3.6 percent, respectively, 
which is good performance even by modem standards. The desire for 
a smaller and cheaper construction led briefly to a reversion to the 
toroidal type in 1916, using, however, annular laminations of 14-mil 
silicon steel, as shown in Fig. 8-12. 

As a result of continuing development, the toroidal design was 
replaced in 1918 by the two types shown in Fig. 8-13. These designs 
were much smaller and cheaper than the toroidal and at the same time 
had higher step-up. The 201-type was introduced in 1919 in the 
transcontinental lines because it was small, relatively inexpensive, and 
gave superior performance. 

The course of input transformer development culminated in 1923 in 
the 234-type shown in Fig. 8-14. This design was adopted to attain low 
manufacturing cost, while retaining the performance properties of its 
predecessors. The core was designed for automated production; 
windings could be applied very rapidly, and the assembly of the 
transformer was a simple operation. The continuing improvement in 
performance of the described designs is shown in Fig. 8-15, each 
design being identified by the year of its introduction. In all cases, the 
windings were vacuum-dried and impregnated in rosin-rosin oil; 
whenever a high degree of moisture protection and long life were 
needed, they were potted in rosin in cast-iron cases. 
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VOLTAGE AMPLIFICATION 



FREQUENCY IN HERTZ (LOGARITHMIC SCALE) 


Fig. 8-15. Voltage amplification characteristics of transformers. (Redrawn from Field 
1926, p. 34) 
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3.5 State of the Art in the Early 1920s 

A review of the state of the art as it had developed up to the early 
1920s reveals that a number of factors, principally work on the new 
carrier systems, were coming into play at about that time. These 
would greatly affect the course of development work on communica- 
tions transformers. 

3.6 Types of Construction 

For input transformers, where minimizing secondary capacitances 
and maximizing step-up were important, the 234-type transformer was 
the common type of construction used, with modifications consisting 
of longer or shorter legs for the "E" -shaped cores, according to the 
needs of the design. Where small size was at a premium, the 201- and 
213-types shown in Fig. 8-13 were used. Similar constructions were 
used for interstage transformers, which operated between the plates 
and grids of vacuum tubes in amplifiers. For output transformers (i.e., 
transformers working out of the plate circuits of vacuum tubes), the 
same construction was used as for input transformers, since the plate 
impedances, while not so high as the grid circuit impedances, were still 
many thousands of ohms, and minimizing high side-winding capaci- 
tances was still a factor in the design. Air-gap spacers were used in the 
cores of the output transformers to minimize the effect of the plate 
direct currents which tended to bias the magnetic material in the 
cores and seriously reduce the inductance. 

For low-impedance applications, as in connecting lines and cables, 
the toroidal type of construction (shown in Fig. 8-12) was used. At the 
low-impedance levels of the circuits, the inherently high capacitances 
of the windings could be tolerated. Furthermore, the inherently close 
coupling of the windings and correspondingly low leakage induc- 
tances permitted designs with wide frequency bands and minimum 
transmission distortion. 

In the early 1920s, the invention of 7 8V2 and 45 permalloy had a 
direct and important influence on the design and construction of 
transformers. They alloys contained 78.5-percent and 45-percent 
nickel, respectively, the balance being iron. The application of 78 V2 
permalloy, which had an initial permeability of 10,000 compared to 
400 for silicon steel, made possible designs of 10 to 25 times the 
previous frequency ranges, as well as other improvements. The 45 
permalloy was superior where there was superimposed direct current. 

3.7 Status of Transformer Theory 

The evolving communications transformer art was accompanied by 
and supported by an evolving theory. Out-of-hours courses in which 
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the theory was developed and enlarged had been in progress in the 
Western Electric Company Engineering Department since 1919. Much 
of the new material was converted into a text by K. S. Johnson during 
the years 1920-1924, and it was included in his landmark published 
book. Transmission Circuits for Telephonic Communication. At about 
that time, H. Whittle, whose background experience was in filters and 
networks, was transferred to the transformer area. He brought the 
network approach to transformer design, where it proved to be a very 
effective tool. 

By the early 1920s, the principles of transformer design were well 
established. Specifically, the roles of transformer leakage inductance 
and of the distributed capacitances of the windings in shaping the 
transmission characteristics of the transformer were established art 
(see Fig. 8-16). A body of information concerning the characteristics of 
typical windings — the permeability and losses of the various magnetic 
materials as used in the different core structures, as a function of 
superimposed direct current, air gaps, and frequency — had been 
made available to the designer. The technology of the use of twisted 
pairs, copper and tinfoil electrostatic shields, and balanced winding 
methods were all familiar (see Fig. 8-17) and transformer performance 
could be calculated in advance, instead of relying on “cut and try." 
Nearly all designs were in the voice-frequency range, but a few had 
already been designed in the carrier range. Reliability was a way of 
life, so transformers rarely failed. 

The communication principles and theories, of which transformer 
theory was a part, so highly developed in the Engineering De- 
partments of the Western Electric Company and AT&TCo, had 
little counterpart outside the Bell System. Courses on the subject 
were not taught in the universities. The unique contribution of the 
Bell System in this field is attested to by the series of lectures given on 
communication circuits, including transformer theory, at Harvard 
University during the winter of 1921-1922 at the invitation of the 
Department of Electrical Engineering. 

3.8 New Requirements for High-Frequency and High-Quality Audio Circuits 

Around 1922, a number of factors came into play that had a large 
bearing on the course of transformer development in the succeeding 
years. The most direct and important influence on design was the 
application of 7 8 V 2 permalloy, a newly invented magnetic material 
with an initial permeability of 10 , 000 , compared to the 400 permeabil- 
ity of silicon steel. Permalloy made possible transformer designs of 10 
to 25 times the previous frequency ranges, as well as other improve- 
ments. Another major factor was the rapid increase in the develop- 
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FREQUENCY IN HERTZ 

VOLTAGE AMPLIFICATION CHARACTERISTICS OF INPUT TRANSFORMERS OF VARIOUS TURNS 

RATIOS OPERATING FROM 20,000-OHMS RESISTANCE INTO A 216A VACUUM TUBE 

COILS TURNS RATIO 

A 1:2 

B 1:3 

C 1:4 

D 1:5 

E 1 :8 

F 1:10 

Fig. 8-16. Voltage amplification characteristics of input transformers of various turn 
ratios. 

merit of new carrier systems, which had its beginnings before 1920. 
Carrier systems began to be proliferated with transformers of all kinds 
and varieties, covering new frequency ranges and meeting new kinds 
of requirements. 

The most valuable contribution of the transformer development 
work was the support given to the systems, amplifier, and other circuit 
development activities. A great deal of skill was directed to tailoring 
transformer designs for best circuit performance. The measure of 
worth of a design was the new kind of, or the improved performance 
of, the circuit that the transformer made possible. Only a modest 
proportion of the effort was devoted specifically to developing new 
types of transformers; it was the challenge of new and more difficult 
design requirements that provided the main impetus for new 
transformer developments. Literally thousands of new designs were 
originated in the next decade. 

The 1920s saw a large upsurge of work on "by-products" or 
"specialty products" in Bell Telephone Laboratories. Under this 
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Fig. 8-17. Winding arrangements for inductive and capacitive balance. 


heading came radio receivers for home and aircraft, broadcasting 
equipment, public address systems, and recording and reproducing 
systems for sound movies. The transformers for such applications 
were predominantly audio-transformers. This design work depended 
largely on the materials, construction, and technology that evolved in 
the development of transformers for the Bell System. Some of the 
designs for specialty products were unique for that period. Radio 
broadcasting required the transmission of wide frequency bands, 30 to 
7,000 hertz. By taking advantage of permalloy and interleaving the 
windings, transformers that provided such a wide range were 
designed in 1924. 
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The 1920s saw radio broadcast programs transmitted over long- 
distance telephone circuits, the so-called radio networks. The high- 
fidelity requirements for music called for the transmission of much 
wider audio-frequency bands than those for voice. It became 
necessary to control the phase shift in transformers to minimize phase 
delay distortion (i.e., the propagation of some frequencies at a faster 
rate than others ). 10 Delay distortion of the transformer was usually 
greatest at the low end of the band. Here also, introduction of the high- 
permeability 7 8 V 2 permalloy assured high transformer inductance, which 
reduced the delay and made it feasible to meet the requirements. 

Many transformers in the 1920s were designed for carrier systems at 
frequencies upwards of 100 kHz; and for other purposes, transformers 
were being designed for operation at increasingly higher frequencies. 

IV. INDUCTORS (RETARDATION COILS) 

4.1 Introduction 

The terms "loading coil," "choke coil," and "retardation coil" all 
were applied to coils whose primary function was to introduce 
inductance into a circuit. Loading coils were regarded as a separate 
class because of their unique use and their economic importance. The 
term "choke coil" in Bell System terminology was used for coils in dc 
power circuits, where the inductance served to keep noise out of the 
telephone circuits. The design and construction employed in such 
power chokes resembled power transformers rather than the com- 
munications transformers previously described. 

The retardation coils discussed in this section, called inductors in 
present-day terminology, found their principal use as components of 
filters and networks where the requirements are for very precise 
inductance values and high Q s. They had earlier and equally 
important uses in telephone station sets, switchboard circuits, battery 
supply, and repeater circuits. With the expansion of carrier systems 
from 1920 on, filter and network activity was greatly stimulated, and 
the design of the component inductors began to be recognized as a 
field distinct from loading coil work. 


4.2 Retardation Coil Development 

Inductor technology as it evolved around 1920 was represented by 
four basic types of designs. The wood- core toroid was commonly 
used. It was wound with silk-covered wire consisting of strands 
individually insulated with enamel to reduce eddy-current losses. The 


10 Phase delay equals in seconds, where <f> is phase shift in radians, <0 equals 27i j . 

U Cl) 
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wire was manufactured by the Western Electric Company to exacting 
specifications. The calculation of such losses for simple shapes had 
been mathematically established, and the adaptation of the formulas to 
the toroidal shape, together with data accumulated experimentally, 
was worked out to provide a good basis for design. 

In the toroidal construction, the magnetic flux is ideally confined 
within the windings and core, and it is true in practice that the 
external field is quite small. This is a distinct advantage in the 
assembly of the components in a filter. The winding capacitances were 
reduced by applying the windings in two or four sections, and “bank 
windings" were used to further minimize capacitances. A typical coil 
is described as being wound on a toroidal wood core, 3 inches in 
outside diameter, having inductance of 0.054 henry and a Q of 14.5 at 
3,000 hertz. Such inductors had Qs of 50 or higher at 30 kHz, the 
highest frequency then in use. The wound coil, covered with cotton 
tape, was impregnated in rosin-rosin oil, dipped in Western Electric 
Superior compound (asphaltic), but not potted. The coil was provided 
with leads of flexible conductor. Wood-core toroids were principally 
used at the higher voice frequencies and in the carrier frequency 
range. They were largely displaced after 1925 by solenoidal air-core 
inductors and permalloy-powder toroids, which had higher Qs. 

Toroidal inductors with iron-powder cores were extensively used in 
audio-frequency filters and networks. The most common type of core 
was made of type “C“ iron powder, with a permeability of only 26 but 
the advantage of low losses. The iron-powder cores were replaced in 
the mid-1920s with permalloy-powder cores, which had much lower 
losses. The toroidal type of construction placed a practical limit on the 
inductances obtainable because wire finer than 31 gauge could not be 
used in the existing machines. For higher inductance values, the 
practice was to break the powder cores in half, insert the halves in one 
or two wound spools, and then cement the butting surfaces of the core 
halves together to reform the core. This construction, developed in 
1922 or earlier and employed, for example, in the 94-type retardation 
coils (see Fig. 8- 18a), permitted the finest wire to be used. The air gap 
in the core could be varied during manufacturing for small inductance 
adjustment. The stray magnetic field was greater than in the toroidal 
construction and the coils were therefore often potted in, and 
“shielded" by, copper cans. In the early 1930s, the permalloy-powder 
cores were replaced by those of molybdenum permalloy, having lower 
losses and yielding inductors with even higher Qs. 

In 1924, the 119-type retardation coil was just beginning to come 
into use. It consisted of a wound thermoplastic spool potted in a 
thermoplastic case (see Fig. 8-18b without the square loop), and it used 
the stranded wire previously described. This type of construction gave 
values of Q considerably higher at carrier frequencies than did the 
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toroidal construction. However, the stray magnetic field was high, 
requiring care in the mounting arrangement of the coils in the filter, to 
be done at right angles or with axes parallel but displaced to avoid 
mutual coupling. The 119-type was manufactured in large quantities 
for many years. 


4.3 Adjustable Precision Inductors 

In carrier communication circuits, bandpass filters were employed at 
both ends of the line to separate the channels. Since these channels 
were placed within narrow limits in the frequency scale, the cutoff 
frequencies of the filters that pass these channels had to be precisely 
determined. The cutoff frequencies depended on the values of the 
capacitances and the inductances comprising the filters, requiring that 
these values be held to very close limits. 

The capacitors could be held to about 0.3-percent capacitance, and 
the inductors were adjusted by taking off single turns after winding. 
Subsequent potting and the location of the inductors with reference to 
the shielding used in the filters added to the variables, so the possible 
error in inductance when the inductor was mounted in place could be 
1.8 percent. This variation could cause frequency shifts of the filter 
that would be far greater than permissible. To solve this problem, an 
adjustable inductor was invented around 1927. 



Fig. 8-18. (a) No. 94A retardation coil, (b) Adjustable precision inductor. 


832 


Engineering and Science in the Bell System 


Figure 8-18b shows a solenoidal inductor with a square loop, which 
contains a short-circuited winding, around the case. In the horizontal 
position, the loop cuts no lines of magnetic force and so does not affect 
the inductance of the inductor. As the loop is turned near end up, the 
eddy currents in it reduce the inductance. A 4-percent reduction in 
inductance was obtained by turning the loop up to 40 degrees. The 
loop could be set to within one-half degree and the corresponding 
precision of inductance adjustment was 0.012 percent near the 
horizontal position and 0.1 percent in the upper position. The 
adjustment of the inductor was made in the filter so that the variation 
in the associated capacitor value, the effects of shields in the filter on 
the inductor, and the variations in the inductor itself could all be 
corrected by a single adjustment. In this way, the filters could be held 
to ±0.2 percent in frequency, which was a five-fold improvement over 
the values obtainable previously. 

V. CAPACITORS 
5.1 Early Applications 

The use of capacitors 11 in the telephone system was started soon 
after the invention of the telephone. In 1878, Prescott mentions the use 
of "condensers consisting of alternate sheets of tinfoil and paraffined 
paper" to pass voice currents around the coils of the ringer that was in 
series with the line. Another early application was for separating 
"galvanic" and "derived" circuits on a common line so that, for 
example, it could be used for both telephony and telegraphy. 

The number of capacitors increased greatly with the advent of the 
common-battery system, in spite of the fact that the units available at 
the time were bulky and expensive. 

Black and Rosebrugh's patent (1879) 12 describes the capacitor as 
tinfoil layers separated with layers of mica, gutta percha, or paraffined 
paper. These layers required hand stacking, sometimes done at a high 
temperature to maintain the paraffin in a molten state, which was a 
slow and tedious process for capacitors of the order of 0.1 microfarad 
or more. Furthermore, since the insulating layers were relatively thick 
and some form of clamp was necessary to hold the foils and dielectric 
in intimate contact, the assembly was large in size. This situation 
existed until 1897 when Lee, Westcott, and Robes of the American Bell 
Telephone Company developed and patented an improved wound 


11 The name "condenser" for a device capable of storing a large electric charge was 
applied by Volta in 1782. The name "capacitor" came into general use during the 1940s. 

12 G. Black and A. M. Rosebrugh; U. S. Patent No. 212,433; filed June 4, 1878; issued 
February 18, 1879. 
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capacitor in essentially its present pressed and elliptical form. 13 
Kingsbury states that the production of the foil in continuous rolls, 
which was a practical necessity for wound capacitors, was a consider- 
able part of this development. He also indicates that this method of 
construction reduced capacitor costs by from 10 to 20 times. The rapid 
increase in the need for capacitors is attested to by Mansbridge's 
statement that the total output of European and American manufactur- 
ers was 5 farads in 1907. He attributes this demand to their use in 
common-battery telephone systems. 

5.2 Paper Capacitors 

The construction of paper capacitors underwent only minor changes 
from the time of the Lee, et al., patent until about 1930. The Western 
Electric 5-type capacitor followed the patent description, but when the 
21-type was first made, the flat, wound unit was folded into a closed 
U. These two types are shown in Fig. 8-19. 

The paper used in the early capacitors was a rag stock that was 
0.001-inch thick. In 1905, the 21-type was made with one layer of 0.001 
and one layer of “thin'' paper (probably about 0.00065-inch thick). A 
purchase specification dated 1910 specified a thickness of 0.00065 inch. 
The thinner paper initially became available in Europe and there can 
be little doubt that the telephone industry was responsible for the 
pressure on domestic suppliers to make a similar product. Sub- 
sequently, 0.0005-inch material became available, but it was not until 
after 1925 that adequate quality was obtainable in 0.0004-inch and 
thinner papers. Throughout this period, capacitor paper was the 
subject of many laboratory studies that had as their object the 
attainment of higher dielectric strength with a reduction of capacitor 
volume. Large quantities of paper were purchased in Europe, but 
during World War I, supply was cut off and competition for rags 
increased so that rag stock paper was difficult to obtain. This led to a 
more extensive investigation of papers, including one made of a 
mixture of rag stock and wood pulp. The results were, in most cases, 
disappointing, and it was not until much later that wood pulp (Kraft) 
papers with adequate properties were produced and used. 

The foil used in the early capacitors was commonly referred to as 
“tin but actually it was a high-lead and tin alloy. Initially, the 
thickness was of the order of 0.0006 inch. A foil approximately 
0.0003-inch thick became available in 1904, with a higher proportion of 
tin in its composition ; it was more costly, so the thicker foil continued 
in use for a number of years. 

13 J. C. Lee, W. R. Westcott, and E. C. Robes; U. S. Patent No. 575,653; filed July 8, 
1896; issued January 19, 1897. 
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Fig. 8-19. Western Electric 2-microfarad, 200-volt capacitors. At left, the 5-type, 
standard until 1905; and, at right, the 21-type, standard from 1905 to 1929. 

Paraffin was used exclusively as the impregnant in capacitors until 
after 1925. The low melting point was of some concern because, in 
warm locations, it melted and leaked out of the container. This 
problem was solved by the use of higher-melting-point paraffins and 
additives such as beeswax and carnauba wax, a mixture that was 
standardized as Western Electric No. 9 Compound. 

The early capacitors used paper that had been soaked in paraffin. 
This process was replaced in 1907 by vacuum impregnation of the 
wound units. A Western Electric processing specification dated 
November 1914 (No. 50216, Issue 1) called for oven drying followed by 
20 minutes under vacuum prior to the admission of the wax for 
impregnation. Initially, vacuum was used for economic reasons; it 
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reduced the amount of paper and foil required for a given capacitance 
by more effectively eliminating trapped air. It was known that 
adequate drying was essential for a high insulation resistance, but the 
level of insulation resistance achieved by oven drying alone was 
considered adequate. Consequently, vacuum drying was not believed 
to be necessary from that standpoint. The 20-type and a few other 
capacitors were oddities in this respect. At one time they were 
intentionally made with a high moisture content to obtain a higher dc 
capacitance. Capacitance was adjusted by baking, to decrease capaci- 
tance, or by steaming, to increase it. The moisture degraded other 
properties and caused capacitance to decrease drastically as frequency 
increased. The process was reported to be "difficult to control." 

The metallized-paper capacitor developed by Mansbridge was never 
used in the Bell System, although at least two investigations of its 
properties were carried out. The Mansbridge capacitors were found to 
be electrically inferior (lower insulation resistance and higher power 
factor) and more costly than the conventional metalfoil-paper types. 

The following is a chronology of events relating to the paper 
capacitors that were widely used in the telephone system prior to 1925: 


Code 


14 


Event and Date 


5A 

Standard prior to 1905 

18B 

Standardized in 1901 

20C 

Standardized in 1901 

21A 

Standardized in 1902 

21B 

Standardized in 1904 

21D 

Baked and pressed — Standan 

21D 

Vacuum treated — 1907 

21D 

Elliptical units — 1909 

21D 

Potted in paraffin — 1910 

21D 

Dipped and potted in asphalt 
(WE compound) — 1912 


Prior to 1903, code marking was not applied to capacitors, the only 
identification being the capacitance marking. Due to the proliferation 
of types, and the availability of the same capacitance value in different 
types, it was decided in 1903 that the marking should include the code 
number. At about the same time, alternating-current measuring 
equipment was introduced in the Western Electric capacitor shops. 
Prior to that, ac measurements were made only in the laboratory and 
dc was used in the shop for capacitance measurements. 


14 Codes 18B, 20C, 21A, and 21B were the wet capacitors mentioned above. They were 
abandoned in 1904 because of their inferior properties. 
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The earliest reference to life testing of capacitors on continuous 
voltage as a means of measuring their capability for satisfactory service 
is contained in a memorandum from C. N. Frazee to J. A. Davison 
dated November 26, 1917. The short-time breakdown voltage was then 
the normal criterion for this property, but Frazee proposed conducting 
long-time tests. 

5.3 Mica Capacitors 

Although mica was one of the earliest dielectric materials used for 
capacitors (capacitors with tinfoil interleaved between sheets of mica 
were described in 1845), it was not employed extensively in telephone 
systems until carrier systems were introduced. Most early applications 
for capacitors required relatively large values of capacitance, which 
could not readily be produced with small sheets of mica. However, 
with the advent of carrier telephone systems, small, stable capacitors 
were required for use in filters, oscillators, and other equipment. Mica 
capacitors met this need. 

Earlier, the main applications for mica capacitors had been as 
capacitance standards or for use in test sets. The first Western Electric 
coded mica capacitor was the 38A, a 1-microfarad unit brought out in 
1914 as a standard. Mica capacitors for experimental and developmen- 
tal systems were, however, produced much earlier. 

It was recognized at an early date that an intimate contact between 
the dielectric and electrodes was essential to attaining stable capaci- 
tance. This led to the development, prior to 1904, of a capacitor in 
which silver electrodes were deposited chemically on the mica. Details 
of the manufacturing process for these capacitors were contained in a 
memorandum from E. B. Craft to W. S. Fulton dated October 23, 1907. 
A single capacitor unit of this type, which was part of a shop capacitance 
standard made prior to 1919, is in the Bell System museum. 

The production of silvered mica capacitors by this process was slow 
and tedious, so their use was limited to applications requiring the 
highest stability. In the more common construction, foil electrodes 
were interleaved between mica sheets and the assembly held between 
rigid clamping plates. This method of fabrication continued in use 
until the 1930s. 

5.4 Electrolytic Capacitors 

The unusual properties of electrolytically formed films on aluminum 
were discovered in 1855, and capacitors based on this principle were 
used in Germany for early common-battery telephone systems. By 
1908, they had been replaced by paper capacitors. The unpredictable 
(at that time) electrical performance and the problems associated with 
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the use of an aqueous liquid electrolyte discouraged wide use of this 
type of capacitor. 

However, there was a great need for compact, high-capacitance units 
in the telephone system. With small systems and light (talking) loads on 
the common battery, intermittent charging of the battery in the central 
office at “off” hours was adequate. However, as systems grew and other 
direct-current loads, notably switching apparatus, were added, it was 
necessary to keep the dc generator operating continuously. The ripple 
voltage in the output of conventionally wound and commutated genera- 
tors produced objectionable noise in the system, so specially designed 
low-ripple generators were required. 

Several workers, both in the United States and Europe, made 
studies of the electrolytic capacitor around 1900, and about 1902, 
studies were begun in the Engineering Department of the Western 
Electric Company. This work contributed to improved performance 
and life of the capacitors through better understanding of the effects of 
contaminants, electrolytes, and physical factors. These innovations 
were covered by a number of patents relating to aluminum and 
tantalum electrolytic capacitors (see Fig. 8-20). The improved perform- 
ance and longer life stimulated large-scale use in the Bell System in 
filters to minimize the ripple voltage in the output of conventional 
direct- current generators. 



Fig. 8-20. Interior view, showing construction , of electrolytic capacitor. The corrugated 
plates are the positive electrode. 
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5.5 Miscellaneous Capacitors 

Glass was the dielectric in the first capacitor, the Leyden jar, and it 
has continued in use to the present. Leyden jars were being used for 
high-voltage work in the laboratory until 1905 or later, but there was 
little, if any, significant use of glass capacitors in telephone systems 
until the 1930s. 

Advances were being made by other workers and a brief account of 
one of these will set the stage for developments described in a later 
volume of this history. The early experimenters recognized that one of 
the causes of failure of the Leyden jar at high voltage was the "brush 
discharge," or corona, that occurred at the edges of the electrodes or 
where the electrodes did not contact the glass. Their solutions to the 
problem included silvering of the glass by a chemical process used for 
mirrors, followed in some instances by copper plating over the silver. 
With copper plating to protect the thin and fragile silver coating, 
relatively thick metal foil electrodes were no longer required. One 
example was the Moscicki capacitor patented in Great Britain in 1904. 
This capacitor and its variants included several means for reducing the 
voltage stress at the edges of the electrodes, thereby avoiding corona at 
this point. These were the forerunners of modem tubular glass 
capacitors, which had to await improved and more practical materials. 

Ceramics were not used as capacitor dielectrics until the 1930s. 
Coursey does include porcelain in a table of dielectric properties of 
materials, but it was used only for insulators and bushings. 

Air capacitors, particularly the variable variety, have been used 
since about 1900. Their early use in the telephone system was in test 
sets, but with the advent of radio and carrier, they found wider use as 
tuning elements. The early need for and interest in variable air 
capacitors are indicated by the fact that, prior to 1925, more patents 
relating to them were granted to the Western Electric Company than 
for any other type of capacitor. 


VI. RESISTORS 

With a few exceptions, resistors developed for Bell System use in its 
early years were of the wire-wound type. Most of these were designed 
for manufacture by Western Electric, but a substantial number of the 
wire-wound power types and fixed-composition resistors were ob- 
tained from outside suppliers under Bell System specifications. 

For installation in telephone exchanges, equipment bays were 
developed and standardized, using relay racks with uniform hole 
spacings for mounting components and related apparatus. Two 
examples of the specialized forms of resistors developed as early as 
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1901 are the 18- and 19-types, illustrated in Fig. 8-21. These were flat 
units that could be mounted interchangeably with other kinds of 
apparatus, such as relays and capacitors. Various kinds of windings 
were used: single layer, multilayer, bifilar, and reverse layer, in 
accordance with intended circuit requirements. The windings were 
applied to a phenolized asbestos core and terminated in sideposts 
with terminals, two for the single-winding 18-type and three for the 
double-winding 19-type. The units were conservatively rated at 5 
watts dissipation and made in resistance values up to 10,000 ohms, 
with tolerances of from 5 percent to 0.1 percent, as required. They 
were extensively used, from the time of their initial manufacture in 
1901 by the Western Electric Company, in quantities which in 
subsequent years were as high as 6 million per year. Though 
improvements were made and costs reduced over the years in the 18- 
and 19-types, the basic structure remains to this day as an excellent 
example of design for efficient production and economical use. 

Another widely used standard type of resistor (also shown in Fig. 
8-21) was the No. 1 type, small and compact, having one winding on a 
brass core, with a brass cylindrical shell over the outside. These were 
made in inductive and non-inductive designs. (The No. 5 type, wound 
on a wooden spool, dates from the years before 1905, as does the No. 1.) 

Resistors of the wire-wound type are restricted in the maximum 
values obtainable by physical limits to the wire size that can be 
handled in production. One of the earliest designs using carbon as a 
resistive element was the 38-type, first made in 1910. This unit 
consisted of a single carbon filament winding placed in a spiral groove 
on a cylindrical lavite core. Insulating and moistureproofing com- 
pounds were applied to the spool after winding, for protection from 



Fig. 8-21. A display board of coded resistances showing early designs. i 
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damage. Resistance values in the range of several hundred thousand 
ohms were obtainable in the 38-type design. In later years, the use of 
carbon resistors expanded greatly as electronic circuits were applied to 
telephone technology, and sophisticated designs of great precision and 
matched temperature coefficient were developed by Bell Telephone 
Laboratories for use in the highly complex radar computers and gun 
directors of World War II. 

VII. VACUUM TUBES 

7.1 The Goal — Reliability, Uniformity, Long Life, and 
Low Power Consumption 

The advent of the vacuum tube and its earliest application to 
long-distance wire and radio communication have previously been 
covered in Chapters 4 and 5. Chapter 10 contains information on the 
Bell System's fundamental research on vacuum tubes and the results of 
basic studies of thermionic emission and tube design begun in 1912. 

The properties of vacuum tubes were intensively explored, and 
improved designs of the tubes and the circuits in which they were 
used came out of the Engineering Department of the Western Electric 
Company and the Research and Development Department of AT&TCo, 
working in close collaboration at an innovative rate never before 
known in industrial research and development. The capability of the 
vacuum tube for almost distortionless amplification and its ability to 
function as an oscillator, detector, rectifier, modulator, or demodulator 
were so useful that it became the essential element in long-distance 
communication by wire, cable, and radio systems, in radio broadcast- 
ing, in telephotography and television, and in a variety of means for 
mobile, maritime, and military communication for the next 50 years. 

Special requirements on vacuum tubes for telephone service had to 
be met to assure long life, uniformity, stability, and freedom from 
distortion of the transmitted signals. In long telephone circuits, over 
100 tubes might be included in the circuit in each direction of 
transmission. Since they were operated in cascade, imperfections that 
might cause noise and distortion were additive. Uniformity and 
stability of operating characteristics were thus imperative. Further- 
more, the failure of a single tube could cause interruption of service, 
so design for long life was another controlling objective. It is not 
surprising, then, that a continuing strong effort for new and improved 
vacuum tubes was maintained in the Bell System laboratories. 

As was noted earlier (see Section 4.2.2 of Chapter 4), the original 
vacuum tube, invented by de Forest, was unsuitable for use as an 
amplifier because it depended for its action, in part, on the ionization 
of residual gas within the tube. Discovering the value of, and 
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developing the means for, obtaining a very high vacuum made 
possible, for the first time, a true vacuum tube — having qualities of 

uniformity and reproducibility, and the possibility for practically 
distortionless amplification necessary in the telephone "repeater.” 

The work done by Arnold and his associates, beginning in 1912, 
was the start of a comprehensive program of research and develop- 
ment in the laboratories of the Bell System. An important part of this 
program was the investigation of the physics and chemistry of the 
cathode, or filament — the electron-emitting element of the vacuum 
tube. This research, described in Section IV of Chapter 10, was 
directed toward obtaining an understanding of: the factors that 
affected electron emission from cathode surfaces; the more promising 
emitting materials; practical methods for manufacturing tubes having 
cathodes of high efficiency; the best metals for plates and grids; the 
best varieties of glass for the envelopes; and the best methods of 
exhausting the tubes to remove residual gases from constituent parts. 

By 1925, tube life expectancy, as compared to the early tubes of 1913 
and 1914, had been increased by 50 times and more, from a few weeks 
to several years of continuous operations, and the filament power 
reduced by a factor of 5, from 10 watts to 2. The number of vacuum 
tubes in use in the Bell System in the late 1920s was over 
100,000 — having more than doubled every two years since their first 
use in the telephone plant early in 1914. Over half of this number were 
used in telephone "repeaters," or what we now call amplifiers. About 
10 percent were used in station ringers, 20 percent in other applica- 
tions in carrier and telegraph systems, and the remainder in amplifiers 
for broadcast program circuits, test equipment, telephotograph ap- 
paratus, radio communications, and public address systems. The 
tubes ranged in size from the miniature "Peanut" tube with a power 
output rating of 1/100 of a watt, used in radio receivers, audiometers, 
and amplifiers for the hard-of-hearing, to the large water-cooled tubes 
used for radio broadcasting and transoceanic telephone service, with 
power ratings up to 100 kilowatts. 

The tube types in most common use were the 101D, earlier known 
as the "L" tube, and the 102D, originally known as the "V" tube. 
These tubes, standardized in 1922, used platinum-alloy filaments, 
operating at a current of 1 ampere. By the end of 1923, these two types 
accounted for about half of the total number in use. In 1927, improved 
models using 0.5-ampere filaments, the 101F and 102F, were put into 
service, and they soon replaced their less economical predecessors. 
Estimates were made in the early 1930s showed that the improved tubes 
were saving the Bell System about 10 million dollars per year through 
lower cost of manufacture, longer life, and smaller power consumption. 
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7.2 The 101F Vacuum Tube and Its Predecessors 

I 

In a 1926 paper in the Bell Laboratories Record, M. J. Kelly, reviewing 
the manufacture of vacuum tubes as of that time, wrote about the 101D 
tube: "Historically, this is the oldest high vacuum thermionic tube 
used in commercial communication (wired or radio) in the world. In 
the thermionic tube family it stands supreme, for to our knowledge 
there is no other standard high vacuum tube of as long life and of as 
high quality. It has been used for over twelve years in the telephone 
repeaters of our Bell System, in fact, ever since its proportions were 
established by H. D. Arnold." 

In an early form as applied to the telephone repeater, the vacuum 
tube developed by Arnold is shown in Fig. 8-22. This tube, with the 
designation "Type A," was first used in service in the Philadelphia 
repeater of the circuit between New York and Washington in October 
1913. It used a platinum filament coated with a barium compound, a 
nickel plate and grid, and a rugged internal supporting structure for 
the elements. 

Shortly thereafter, an improved version. Type B (Fig. 8-23b), with a 
longer filament and an improved grid structure was developed. 
Provided with a base for mounting, it was known as Type M (Fig. 

8-23c) and, in this form, it was used as the essential element in the 
transcontinental telephone line, opened to commercial service on 
January 15, 1915 (see Section 4.2.3 of Chapter 4). It is interesting to 
note that the amplification factor of this early tube was 5; it operated at 
a filament current of 1.5 amperes, a plate potential of 100 volts, and a 
plate current of 10 to 15 milliamperes; and it had a useful life of ap- 
proximately 400 hours. 

Before the end of that year, an improved tube was available with a 
life expectancy of over 4,000 hours. Designated Type L (Fig. 8-23d), 
this tube incorporated a filament that could operate at a lower tempera- 
ture with increased emitting area, thus reducing the filament current 
requirement to 1.3 amperes. 

A word about nomenclature is in order at this point. About the 
middle of 1916, the letter designations used by the laboratory design 
group were replaced by Western Electric code numbers similar to 
those assigned to identify other types of telephone apparatus. The 
Type M became the 101 A and the Type L, the 101B. 

Further improvements in internal mechanical design and in lower- 
ing filament current resulted in a new design, the 101D, first produced 
in 1921. This tube was characterized by an amplification factor of 6, a 
plate resistance of 5,700 ohms, and a plate current of 7.0 milliamperes. 
Filament current required now was 1 ampere, a one-third reduction 
from its predecessor. It was fabricated from a new design of a carefully 



Fig. 8-22. Arnold's high-vacuum tube, used as a telephone repeater at Philadelphia 
on a New York- Washington cable circuit in October 1913. 


controlled platinum -nickel alloy, which, like the earlier platinum- 
iridium filament, was coated with a mixture of barium and strontium 
oxides applied in a number of successive layers. Since the coating 
literally combined chemically with the filament metal, it was referred 
to as a “combined" coating. In a few years, by 1927, studies of 
filament characteristics and materials had progressed to the point 
where satisfactory operation could be obtained with a current of 0.5 
ampere, or only 2 watts of power, just half of that previously required. 
This tube was designated 101F. By the end of 1928, this tube was in 
widespread use throughout the Bell System. The successive develop- 
ments leading to the 101F are shown in Fig. 8-24; its component parts 
and assembly are shown in Fig. 8-25. 



Fig. 8-23. Four early vacuum tubes: (a) Type A of 1913; (b) Type B of 1914; (c) Type 
M of 1914; (d) Type L of 1915. 



Fig. 8-24. Evolution of the Type L tube: (a) Code 101B of 1915; (b) Code 101B of 
1919; (c) Code 101D of 1920; (d) Code 101F of 1927. 


7.3 From the "V" Tube to the 102F 


The earliest amplifiers in Bell System use were single-stage, utilizing 
the successive forms of the "L" tube. By 1915, in response to the need 
for higher amplification, two-stage repeaters were developed and a 


Fig. 8-25. Steps in the manufacture of the Code 101D tube 
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tube was specifically designed for high amplification in the input 
stage. Appropriate changes were made in the grid and plate struc- 
tures, in the filament, and in the spacing between the elements for this 
application as a voltage amplifier. In 1916, the designation was 
changed to 102A; in 1922 successive improvements led to the 102D, 
and later improvements paralleled the design changes for longer life 
and reduced filament current as described for the 101 series. The 
characteristics of the 102D tube were: an amplification factor of 30, a 
plate resistance of 50,000 ohms, and a plate current of 1 milliampere. 
The filament current was 1 ampere, with a voltage of 2.1 volts. The 
102F had similar characteristics except that the rated filament current 
was 0.5 ampere. Like the 101 tube, it had been carefully designed and 
manufactured to exacting standards to ensure long, trouble-free 
performance. The average lifetime of these tubes, when used in the 
equipment for which they were designed, was 70,000 hours or about 
eight years of continuous operation. 

7.4 The VT-1 and VT-2 — Landmarks in Design for Military Service 

Some highlights in the development of specialized systems and 
apparatus for military use in World War I by the Western Electric 
Company are covered in Section 4.1 of Chapter 5, where Figs. 5-18 and 
5-19 illustrate the VT-1 and VT-2 tubes, designed to meet critical needs 
in aircraft and naval service. They were the first of what we now term 
"ruggedized" structures built to successfully withstand unusually high 
degrees of vibration and shock. VT-1 was the Signal Corps designation 
for this type, which had originally been identified as the "J" tube and 
later coded in the Western Electric 203 series. The VT-1 was a 
general-purpose tube and was used as a detector, amplifier, or 
low-power oscillator, with a rated plate current of 2 milliamperes, an 
amplification factor of about 6, and an internal plate impedance of 
about 20,000 ohms. The VT-2 was a small transmitting tube rated at 
5 watts output and operated at approximately 300 volts and 
40 milliamperes plate current. Earlier designations for this design 
were, first. Type E and, later. Western Electric codes in the 205 series. 
Together, the VT-1 and the VT-2 accounted for most of the Western 
Electric production of vacuum tubes for military communications in 
World War I, an output which reached 25,000 units per week by the 
end of hostilities in November 1918. 

7.5 The "N" Tube — The First Miniature Vacuum Tube 

In the last year of the war, the Western Electric Company developed 
a special tube for the Signal Corps for operation in portable 
equipment, where low filament and plate power are important 
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requirements. This need was successfully met by the "N" tube, later 
coded 215A, which operated with a filament current of 0.25 ampere 
supplied by a single dry cell of 1.5 volts. Utilizing a concentric form of 
assembly and with a cylindrical plate, a spiral wire grid, and a very 
fine oxide-coated filament, the tube, shown in Fig. 8-26, was a little 
over 2 inches high and 5 /s inch in diameter. Because of its 
appearance, it was called the "Peanut” tube, an apt designation by 
which it was known to the postwar generation of radio experimenters 
and enthusiasts. The "N" tube was used in large quantities for many 
years in radio receivers and in instruments like the audiphone (an 
early hearing aid) and audiometers, where small size and low current 
drain were important. 


7.6 The Equipotential Cathode 

In a notebook entry dated November 20, 1913, A. M. Nicolson 
described a vacuum tube that he had constructed, which utilized a 
"unipotential" cathode. This design, the first of its kind, had its 
cathode surface independent of and insulated from its heating 
mechanism. This meant that all parts of the cathode surface could be 
maintained at the same potential with respect to the other elements, a 
feature which proved to be of value in many specialized amplifier and 
detector circuits. 



Fig. 8-26. The Peanut tube, patented by H. W. Weinhart. 
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Fig. 8-27. A page from Nicolson's patent on the equipotential cathode. 
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Fig. 8-29. Steps in the development of the high-power vacuum tube: from right. 
Type W (50 watts) of 1915, Type G (50 watts) of 1919, Type I (250 watts) of 1920, Type T 
(10 kilowatts) of 1921, and Type U (100 kilowatts) of 1922. 


Fig. 8-28. William G. Houskeeper with a 100-kW high-power, water-cooled vacuum 
tube incorporating the Houskeeper seal. 









Materials and Components 


849 


Of even greater future importance was the fact that, by separating 
the heating agent from the element that was the thermionic source of 
electrons, the cathode could be heated by alternating current. In the 
1920s, when radio broadcast receivers were finding their way into 
homes all over the world, the "heater-type" tube made it possible to 
move the storage battery out of the living room, replacing it with a 
small, simple transformer hidden in the receiver or part of a separate 
ac power supply. The application was essentially universal since the 
indirectly heated structure was adopted by all the manufacturers of 
radio tubes and receivers. 

Figure 8-27 is a page from Nicolson's patent, 15 the original of which 
was filed on April 16, 1915. Though at that time it was too early for 
him to anticipate the widespread application of his idea to home radio 
use, his basic concept of "divorcing the heating agent from that which 
produces the thermionic activity" was an outstanding innovation in 
vacuum tube technology. 

7.7 High-Power Vacuum Tubes 

The development of high-power vacuum tubes in the Bell System 
was stimulated, first, by the need in the transatlantic radio experi- 
ments of 1915 and, later, by the requirements for other long-distance 
point-to-point communications radio broadcast transmitters, and large 
public-address systems. Reference should be made to Chapters 4 and 5 
for descriptions of the systems and the devices that were developed for 
specific areas of application. The external-anode, water-cooled tube 
using the Houskeeper copper-to-glass seal was an innovation that 
permitted the design of tubes with power output ratings up to 100 
kilowatts, one of which is shown in Fig. 8-28, along with its inventor. 
Other early high-power tubes, air- and water-cooled, are shown in 
Fig. 8-29. For many years after the time period covered by this history 
(until the late 1940s), research and development continued in Bell 
Laboratories, with manufacture by Western Electric, on broadcasting 
equipment that earned a worldwide reputation for excellence in per- 
formance and reliability. All such equipment utilized Western Electric 
tubes specifically designed for this application. They were used also in 
ship-to-shore, air-to-ground, and land mobile communication sys- 
tems, and in the high-power transoceanic shortwave transmitters that 
provided worldwide telephone and telegraph communications. 

15 A. M. Nicolson; U. S. Patent No. 1,459,412; filed April 16, 1915; issued June 19, 
1923. 























































Chapter 9 

Quality Assurance 


Functions, like apparatus, devices, and equipment, appear to develop from 
a recognized need. Implementation sometimes closely follows recognition of a 
need; more often it eludes fulfillment and is a continuous process. Quality 
Assurance is such a function. 


I. INTRODUCTION 

The term is relatively new — some 30 years old — but the need for some 
function to generate confidence in the quality of "instruments” and 
"telephonic appliances" 1 supplied the Licensees was recognized at least 
as early as the "1882 Contract," an agreement between the Western 
Electric Company and the American Bell Telephone Company. In 
regard to "instruments" the agreement states: 

At all times during their manufacture and upon their completion the instru- 
ments and the materials employed shall be subject to the inspection and 
acceptance ... by said first party. (American Bell Telephone Company) 

With reference to "telephonic appliances" the agreement provides: 

. . . apparatus manufactured under this license . . . shall be subject to 
inspection of the party of the first part. (American Bell Telephone 
Company) 

These simple statements suggest a basic concept of Quality Assurance: 
one organization operates as an agent for assuring the quality of 
apparatus supplied to another. Some rather rigorous inspection apply- 
ing to "instruments" was almost mandatory since the American Bell 
Telephone Company retained ownership of all "instruments" and, ac- 
cordingly, assumed responsibility for their serviceability in leasing them 
to the Licensees (Operating Telephone Companies). The somewhat 
looser inspection provision applying to "telephonic appliances" was not 

1 "Proprietary instruments" were transmitters, receivers, and induction coils. 
Telephonic appliances included calls (signals), switches, switchboards, annunciators, 
exchange furniture, and other apparatus adapted for use on telephone lines. 
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applied to other apparatus, cable, wire, etc., although both categories, 
"telephonic appliances" and other apparatus, were sold to the Licensees 
by the Western Electric Company. The Operating Telephone Companies 
accordingly found it necessary to inspect much of the material and 
apparatus supplied by the Western Electric Company and, as the System 
grew, this inspection was extended to essentially everything except 
proprietary instruments. 

The situation was reviewed as part of an extensive restudy of the 
functions and operations of the Engineering Department of the American 
Telephone and Telegraph Company, apparently instigated by E. J. Hall, 
Vice-President of the Company. The following excerpts from a letter 
dated July 17, 1907, from J. J. Carty, Chief Engineer of AT&TCo, to 
Hall, pertain specifically to the inspection operations: 

Pursuant to your instructions, I have made a plan for the reorganization 
of this department so that it may be operated with greater economy and 
efficiency . . . 

• • • 

With respect to the inspection and testing of this apparatus, (telephones, 
transmitters, relays), it should be conducted by the Western Electric 
Company, following methods and standards which have been approved by 
this Department, and which would be checked by us from time to time 

so as to assure ourselves of their efficiency. 

# • • 

The inspection and testing of material and supplies for the various 
Licensee Companies. 

At the present time there is maintained by this Department a staff of 
inspectors for this purpose. The Western Electric Company and many of the 
Licensee Companies also have a separate staff engaged in this work. It 
would make for economy and efficiency if this testing and inspection 
work for the Licensee Companies, for the Western Electric Company 
and for this Company were done by one central organization. In view of 
the Western Electric Company's relation as Supply Agent and Purchasing 
Agent to so many of the telephone companies and in view of their close 
touch with the suppliers, they are in a position to conduct this inspection 
more economically and efficiently than could be done elsewhere. 

Any objection which might be raised against this plan, because the Western 
Electric Company is the seller, is met by having this Department (The 
Engineering Department of the AT&TCo) from time to time check the 
inspection and inspection methods of the Western Electric Company in such 
a manner that the efficiency of their inspection may be determined. 

It is evident from this that AT&TCo, while divesting itself of inspec- 
tion responsibilities, was not eliminating its obligations to the Licensees 
for the quality of product supplied. 

Hall endorsed the program proposed by Carty and authorized him, 
"to go ahead along the lines proposed," in a letter also of July 17, 1907. 
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The Western Electric Company's phase of the program was implemented 
during the next few months. The following is an excerpt from the West- 
ern Electric Engineering Department Report of Work to May 1, 1908: 

During the period covered by this report our responsibility with respect 
to the inspection of material which the Company supplies has been enlarged. 
The Department has for a long time maintained a force of inspectors 
at the Chicago and New York houses for the purpose of checking the 
Shop products; we have also checked the work of the Installing Department 
by inspecting a limited number of new central office equipments and we 
have been inspecting the line material purchased by most of the associated 
companies. It has been the practice in the past for some of the associate 
companies to supplement our work by an additional inspection performed 
by men in their employ and inasmuch as this seemed to involve 
unnecessary expense, a plan has been established by which the inspection 
of the associate companies will be eliminated and the responsibility for the 
quality of our apparatus and supplies has been delegated entirely to this 
department. 

Thus, by 1908 what might be called the delegated-agency phase of 
the Quality Assurance function had begun to take shape in broad out- 
line under the driving force of economy and efficiency. Briefly, it may 
be described as follows: First, AT&TCo continued its overall responsibil- 
ity for making available a source of product adequate for the needs of 
the Operating Companies. Second, AT&TCo delegated to the Western 
Electric Engineering Department the responsibility for conducting in- 
spections and tests of product to assure its quality. Third, AT&TCo re- 
served to itself the approval of methods and standards for test and 
inspection and their periodic checking to assure efficiency. 

Means available to the Western Electric Company in 1908 for discharg- 
ing the responsibilities delegated to it were inadequate. Almost the 
only tool available was inspection in various forms. Both sampling 
and detailed inspection were employed extensively throughout manu- 
facturing processes and after all manufacturing operations had been 
completed. Perhaps the most unique method was the "Engineering 
Inspection" conducted by the Engineering Department discussed at 
some length in the next section. However, viewing the Quality 
Assurance function chiefly as an inspection operation had serious 
limitations. Although the Western Electric Company did in fact assume 
a greater responsibility for quality, inspection of central offices, 
PBXs, poles, and some supplies continued to be performed by the 
Operating Companies well into the 1920s. 

II. THE QUALITY ASSURANCE FUNCTION AS IMPLEMENTED 
IN 1906-1908 

To place these developments in proper perspective, reveal their 
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limitations, and enable us to anticipate future developments, we 
should investigate the implementation of the Quality Assurance func- 
tion at the time of, and immediately following, Carty's letter. The 
drastic change in procedures had developed gradually over the preceding 
years. Although the driving force was economy and efficiency, 
quality was not to be impaired. 

A document of the Engineering Inspection Department of the 
Western Electric Company dated March 7, 1906, and titled “Routine," 2 
detailed the procedures used to verify and, to some degree, control 
the quality of apparatus supplied the Operating Companies . This Inspec- 
tion Department was part of the Engineering Department of the Western 
Electric Company located at 463 West Street in New York City. The 
procedures embraced the following: 

(/) Complaints from customers or distributing houses 
(//) Complaints from other departments of the Western Electric 
Company 

(Hi) Inspection of apparatus in stock 

(iv) Inspection of toolmade samples of new apparatus 
(i>) Inspection of first apparatus embodying changes. 

In connection with customer or distributing house complaints, it is 
significant that New York investigated all complaints except those involv- 
ing apparatus manufactured at the Hawthorne plant in Illinois (the En- 
gineering Inspection Department maintained a small unit at Hawthorne 
for this purpose). The prescribed procedure provided for: determining 
if the complaint was justified, determining responsibility for trouble, 
notifying the head of the responsible organization, and informing the 
originator of the complaint of the action taken. 

The actual inspections conducted by the Engineering Inspection 
Department, although mentioned under three categories, were actually 
of two types. The “Routine" of March 7, 1906, describes the toolmade- 
sample inspections as follows: 

Samples are to be inspected first to determine whether they are made in 
accordance with the prints. The design should then be investigated to 
ascertain whether it will fulfill the requirements. A life test or other tests 
of durability to be made when the nature of the apparatus warrants it. 


2 The "Routine,” dated 1906 and prepared by the Engineering Inspection Department, 
listed 75 types of apparatus that had been inspected during 1905 along with the output, 
sample size, and frequency of sampling for each. It also listed other obligations of the 
department, such as complaint handling and toolmade-sample approval. As such 
it represents the situation as it had been during the year before its preparation. It 
would appear that this information had been compiled into a single document with the 
possible intent of issuing it as a GEI (General Engineering Instruction). However, this 
cannot be verified since no files of these old GEIs issued by the Western Electric Company 
are in existence at this time and only an occasional GEI issued before 1925 is 
encountered in Bell Laboratories files. 
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This statement implies a fundamental concept of Quality Assurance, 
which undoubtedly had been in the minds of many of the people 
involved, but was nowhere more clearly stated than in this "Routine.” 
The concept is that the manufactured product must not only be in 
accordance with the specifications and drawings but also that the design 
itself must fully express the objective of the designer. In other 
words, the design and the resulting product must be capable of meeting 
service "requirements" with adequate "durability." 

The inspection of apparatus in stock was called, "Periodical, 
Routine Engineering Inspection," and was regarded as quite specialized 
and well beyond ordinary inspection for conformance to drawings. This 
is indicated by the following excerpt from the 1906 "Routine": 

. . . each line of work to be specialized, that is, each kind of apparatus 
to be in charge of a man who will make a special study of the design, 
manufacture, packing, installing and maintaining of the apparatus under 
his charge. A catalogue list should be kept of all apparatus, specifying 
their vital points, and giving a list and the nature of all complaints received. 
This list is always consulted before starting a routine inspection. 

Concerning the results of these inspections, the "Routine" continues, 

A curve should be made, showing the results of these inspections, for 
use of the engineering executives. Detail reports showing the results of each 
inspection are to be furnished to the departments interested. 

Inspection of apparatus in stock was of necessity done on a sampling 
basis in addition to being periodic. The "Routine" gives no rationale 
for setting either the period or the sample size but it is reasonable to 
assume that both derived from engineering judgment based upon the 
number manufactured, complexity of the apparatus, difficulty of 
manufacture, complaints received, cost of inspection, etc. The rather 
meager statistical techniques available in 1906 which could be applied 
directly to sampling problems and the almost complete lack of knowledge 
of these techniques in the engineering field would preclude any 
statistical approach. Terms such as process average, allowable per- 
cent defective, consumer's risk, controlled product, and sampling 
error — the current terminology of Quality Control and Quality Assurance 
— did not appear for nearly 20 years. 

The 1906 "Routine" did list some 75 types of apparatus, each with the 
1905 output, the inspection sample size, and the number of times per 
year each sample should be inspected. The samples ranged from a 
1,500-sample size three times a year for plugs with an annual output 
of 500,000, down to a sample size of five once a year for telegraph 
arrestors with an annual output of 100. The largest production item 
was protector carbons with an output of 7,000,000 and a sample 
size of 600, three times a year. The predominant sample size — 100 — 
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occurred 13 times; the next most frequent — 25 — occurred 11 times. The 
predominate sampling period was once a year. This statement ac- 
companied the list: 

This list should not be strictly followed, but should be changed as the 
nature and quantity of the apparatus shipped changed. 

This quote, labeled a "thinking clause" many years later by Major 
General Leslie E. Simon, verifies that "Engineering Inspection" dif- 
fered from the usual inspection and was, in fact, looked upon as an 
engineering function with all the latitude and responsibility usually 
delegated to an engineering operation. It also was vested with 
substantial power as indicated in the following quotations from the 1906 
"Routine": 

If the apparatus is not in accordance with the drawings and the trouble is 
vital to its operations, a memo is to be sent to the Store requesting 
them to issue an order on the shop to reinspect the stock. 

If the defect is due to the design, a memo is to be sent the designing 
department, requesting them to issue a change order. If the change is vital, 
the change ticket reads "including finished apparatus in stock." 

It is quite evident why Carty thought the Engineering Depart- 
ment of the Western Electric Company was the logical organization to 
assume the responsibility for assuring (under the direction of AT&TCo) 
the quality of the apparatus and equipment purchased by the Operat- 
ing Companies. Western already had in being many of the elements of a 
comprehensive mechanism for providing such assurance to Western 
management. Extension of this assurance to the Operating Telephone 
Companies appeared direct and straightforward if the periodic 
engineering inspections were made in accordance with methods and 
standards approved by and subject to review by AT&TCo as proposed 
in the Carty 1907 letter. Again we see the emphasis on inspection 
as the major, if not the sole, tool of the Quality Assurance function. 

It would be well at this point to examine the effectiveness of the 
Engineering Inspection routines employed by the Western Electric 
Company at the time of Carty's letter from the viewpoint of the Operat- 
ing Telephone Companies. A rather complete analysis is embodied in a 
letter from R. M. Ferris, Chief Engineer of the New York Telephone 
Company, dated September 14, 1907, to H. F. Thurber, General 
Manager of the New York Company. Ferris divided the products 
purchased from the Western Electric Company into three classes: 

(; i ) Material manufactured by the Western Electric Company 
(ii) Material obtained through but not manufactured or inspected by 
the Western Electric Company 

(m ) Material obtained through but not manufactured by the Western 
Electric Company for which Western would make a fixed charge 
for inspection. 
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In describing inspections made by Western on the first and third 
classes of material, Ferris mentions the regular shop inspection on 
Western-manufactured product and the inspections on suppliers' 
product, but omits reference to the "Periodical, Routine Engineering 
Inspection." Ferris then goes on to detail the results obtained by the 
New York Telephone Company in its reinspection of the first class 
of material, items such as heat coils, switchboard lamps, and cable. He 
lists rejection rates ranging from 3 to 10 percent. 

One would be inclined to conclude from these results that prior 
Western Electric inspection had not been overly effective in view of the 
rather large percentage of defects found by the New York Telephone 
Company. Of particular significance is Ferris' discussion of cable. He 
says that Western samples only about IV 2 percent of the cable reels 
for opens, crosses, and capacitance when the local Telephone Companies 
make an acceptance inspection themselves, but that they test each 
cable reel when no subsequent Telephone Company inspection is made. 

Only four types of material are listed in the second class. (It will be 
recalled that this apparatus was subject to the "Periodical, Routine 
Engineering Inspection.") New York Telephone Company inspections of 
the two largest runners — glass insulators and copper sleeves — re- 
sulted in zero rejections. 

The third class of material includes items such as pole-line hard- 
ware, crossarms, wire, and strand. For this class, Ferris concentrates on 
a comparison between the cost of inspection to the New York Tele- 
phone Company and the prices quoted by the Western Electric 
Company. In those instances where costs differ widely (occasionally 
as much as four to one in either direction), Ferris develops some 
explanation. The explanation never involves sampling, but rather 
describes differences in methods of conducting the actual inspection and 
test operations. It is probable that 100 percent inspection is implied by 
both companies. 

It is evident from Ferris' study that he did not attach much significance 
to "Routine Engineering Inspection" as the major implementation of 
the Quality Assurance function. He chose to place his trust in shop 
inspections which were of an entirely different sort, not under direct 
control of the Engineering Department of the Western Electric Company, 
and only incidental to the plan proposed by Carty. This misunderstand- 
ing, however, did not put any major obstacles in the way of implement- 
ing Carty's proposal and a new Supply Contract was instrumented 
to take effect January 1, 1908, with the New York Telephone Company 
and the New York and New Jersey Telephone Company. However, 
Thurber, General Manager of the New York Telephone Company, 
in his letter of March 23, 1907, to H. B. Thayer, Vice-President of the 
Western Electric Company, approving the new Supply Contract had the 
following to say: 
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The contract is necessarily very general in its character: in view of this it 
seems necessary to outline certain matters of policy and certain detailed 
arrangements in connection therewith . . . 

Of the numerous matters of policy and detailed arrangements Thurber 
discussed, only two are significant to the developing Quality Assurance 
concept. The first concerns cost: 

That under this form of contract the Telephone Company will effect as large 
savings as it would under any form of contract now in effect between the 
Western Electric Company and an operating telephone company. 

The second concerns quality: 

That the Western Electric Company recognizes that in undertaking the work 
of inspecting material it becomes absolutely responsible for the character of 
material in the operating telephone plant. . . . that such responsibility 
rests with the Engineering Department of the Western Electric Company. 
The Engineering Department of the Western Electric Company will ac- 
cordingly undertake the supervision of all material inspection and will 
carry out the work under the methods approved by the Chief Engineer 
of the American Telephone and Telegraph Company; further, the inspectors 
employed will in no way report either to the purchasing or shop branches of 
the Western Electric Company organization. 

This essentially completes the picture of the early vision of an 
economical and efficient method of assuring the quality of product 
supplied the Operating Telephone Companies. With the eventual ap- 
proval and signing of the new Supply Contract by all of the Operating 
Telephone Companies, it might be assumed that implementation of the 
Quality Assurance function was underway along the broad outlines 
proposed by Carty. However, if we scrutinize the details of implementa- 
tion, particularly the area called "Periodical, Routine Engineering 
Inspection," it becomes evident that difficulties could develop. This 
inspection was similar to that defined later as check inspection and 
currently defined as Quality Assurance inspection. It also embodied 
some of the concepts of the Quality Survey which was not to evolve 
for many years. It was not realized in 1908 that to be effective in 
appraising quality, such an inspection must have certain prior as- 
surances. These assurances involve knowledge that the product is 
regularly controlled at some satisfactory level and that adequate prior 
inspections have been made. Furthermore, rational means for arriving 
at the frequency and sample sizes to be used in such inspections were 
not available. What may even be more important, statistical means 
for analyzing the inspection data and criteria for drawing valid 
conclusions had yet to be developed. 

By looking into the future, we are led to the conclusion that more 
than a basically sound philosophy would be required to secure the 
inspection economies contemplated under the 1907 Supply Contract. 
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The Quality Assurance function, as it is known today, was not yet bom, 
tools for its successful implementation had not been developed, and 
most likely the need for such tools was not even recognized. Hind- 
sight enables us to understand why many of the Telephone Companies 
chose not to recognize this phase of the Supply Contract. Many 
Operating Companies, among them the Pacific, Mountain States, 
Southwestern Bell, Southern Bell, Cincinnati and Suburban, New York, 
and New England, were still inspecting central offices, PBXs, some 
cable, poles, and some supplies well into the 1920s. 

III. THE INSPECTION ENGINEERING CONCEPT 

The 1922 Annual Report of the Engineering Department of the Western 
Electric Company includes an unusually extensive discussion of the 
purpose and work of the Inspection Department. The discussion opens 
with the following statement: 

The Inspection Department operates as a check on the Quality of the 
engineering development work and safeguards by inspection telephone 
apparatus manufactured or furnished by the Company, and materials of 
other manufacture furnished to the Telephone Companies, . . . 

While the concept of an inspection department functioning as a check 
on the quality of engineering development work was still unique in 
1922, it was definitely in line with the ideas expressed in the 1906 
"Routine.” (See Section II.) It is evident from the following, however, 
that the amount of inspection effort had been expanded considerably 
beyond that covered by the "Periodical, Routine Engineering Inspec- 
tion” described in the "Routine": 

The work of inspection of telephone products normally carried on at Haw- 
thorne, is now extended to the Philadelphia factory and the factories of 
the Automatic Electric Company and the Stromberg-Carlson Company. 

Periodic inspections by visiting inspectors are made of material repaired 
at the twenty-seven distributing house shops scattered throughout the 
country. The inspection of non-Westem Electric material, such as . . . line 
material and construction tools for the use of the Telephone Companies, 
necessitates continual supervision at the manufacturers' plants as well as 
study and revision of specifications to insure the proper quality of product. 

The timber products business is a very large one and of great importance 
to the Associate Companies. As a result of studies in both the laboratory 
and the field in cooperation with the American Telephone and Tele- 
graph Company, the method of handling the inspection of timber 
products has been put on a very much improved basis. 

The report closes with the following paragraph which categorizes 
all these inspections as "routine check inspections" — a term which is 
used less broadly today: 
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The entire subject of engineering inspection is being studied with a view 
to bringing our methods and practices more nearly in harmony with present 
day requirements. There is a feeling that less time should be devoted to 
actual routine check inspections and more time devoted to a scrutiny of 
inspection methods and results, and the performance of the apparatus 
and equipment in the field. A comprehensive survey of the possibilities 
along this line is underway and it is hoped will be completed before 
the end of the year. 

As one would expect, the Annual Report did not go into detail con- 
cerning the reason for the extensive review of established procedures 
in the engineering inspection area. The Bell System had grown in magni- 
tude and complexity to the point where it was essential for all units, 
not just AT&TCo, but all Operating Companies and the Western 
Electric Company, to assume a system viewpoint of much greater breadth 
than before. Then too, the rapid installation of the newly designed 
machine-switching central offices placed a greater burden on the Western 
Electric Company to assure quality in all phases: design, manufacture, 
and installation. There is some evidence that increased inspection effort 
was tried as a stopgap measure. For instance: G. D. Edwards, who 
later headed the Quality Assurance Department, quotes E. B. Craft, 
Chief Engineer of the Engineering Department, as stating that there 
were more Western inspectors than there were installers on the "State- 
Central” panel job in Chicago. A December 18, 1934, letter from 
H. S. Sheppard, Commercial Engineer at Bell Telephone Laboratories, 
to C. Uhrig, Assistant Comptroller of AT&TCo, states that as late as 
1925, the New York Telephone Company had 30 inspectors in its 
Engineering Department. The increase in number had followed the 
introduction of panel central offices. 

The opposite approach was also tried. J. L. Kilpatrick, General 
Installation Manager of the Western Electric Company ordered that all 
Western inspectors be removed from selected panel offices and that 
each installer be told individually to do his work right the first 
time and inspect it himself to insure that it was done right. The inven- 
tion of the command, "do it right the first time" bears an interesting 
relation to the "Zero Defects" slogan which became popular during 
the middle 1960s among military contractors. Edwards' comment then, 
"Only the Deity had so far been found competent to inspect His 
own work and find it good," revealed the depth of his insight that 
made him so well suited to direct the Quality Assurance Department 
some years later. 

In 1922, C. G. Stoll, Assistant General Superintendent in the 
Manufacturing Department of the Western Electric Company, among 
other responsibilities, had general responsibility for installation of 
central offices while E. B. Craft, Chief Engineer, had charge of the 
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Engineering Department. These men, together with W. H. Harrison, 
Building and Equipment Engineer of AT&TCo, led the new attack on the 
quality problem referred to in the 1922 Annual Report. The original ideas 
underlying Inspection Engineering must be attributed largely to Stoll 
and Craft. The 1923 Annual Report of the Western Electric Company 
announced the formation of the Inspection Engineering Department 
charged with the responsibility of taking a "Company-wide view" 
including a critical analysis of design work. To accomplish this, the new 
department was to: 

(/) Arrange for more contact with the field and do part of the system 
job 

(n) Arrange for more effective contact with the Engineering and 
Installation Departments 

(Hi) Provide for closer cooperation between Distributing Houses and 
the Engineering Department 

(iv) Coordinate inspection work with the Laboratory Staff of the 
Engineering Department. 

A memorandum of November 2, 1923, by R. L. Jones, head of the 
newly formed Inspection Engineering Department, stated: 

A type of criticism of engineering design work never previously at- 
tempted will be provided. Engineering inspection will take a Company-wide 
view of the technical quality of the systems and apparatus being 
produced, analytical in character, but broad as the Company's activities in 
its scope. Thus it is planned to supplement the work of the designer 
in a most important way. 

The March 7, 1906 "Routine" did specifically refer to testing during 
toolmade-sample inspection to confirm the adequacy of the design to 
meet service needs. However, this test was made on only the first few 
articles manufactured, with no provision for follow-up. Also, the intent 
of the testing was directed more toward establishing the extent to which 
the apparatus reflected the design concepts rather than the adequacy of 
the design concepts themselves. 

Jones' concept of the intent of Engineering Inspection was indeed new 
and far-reaching. Its significance went far beyond the interchange of 
words in the title of Inspection Engineering. The formation of the new 
Inspection Engineering Department was announced to the Operating 
Telephone Companies in Bancroft Gherardi's letter of April 19, 1924. 
It indicated the principal aims of the new plan as follows: 

(a) More intimate contact with field conditions and equipment results in 
order that the Electric Company may do its part of the System job 
with the fullest understanding. 

(b) More effective contacts between the Electric Company's Engineering 
and Installation Departments in various parts of the country, promoting 
mutual cooperation. 
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(c) Closer cooperation between the Electric Company's Engineering Depart- 
ment and its Distributing Houses, expediting the investigation and 
settlement of questions or complaints relating to quality of materials 
and equipment. 

(d) Coordination of their inspection activities with the work of the labora- 
tory staff. 

Gherardi then comments. 

Broadly speaking, therefore, the underlying motive of the new plan is to 
insure that, with the constantly increasing growth of the system, the 
Engineering Department of the Western Electric Company shall be kept 
continuously advised as to whether the responsibility of the Company 
for furnishing equipment in accordance with the requirements of the System 
is being satisfactorily fulfilled. . . . nothing in the plan is designed to 
alter the established practices for handling matters pertaining to the opera- 
tion or adequacy of the service rendered by apparatus, material and equip- 
ment turned over to the Telephone Company in accordance with established 
standards and specifications which matters, as heretofore, are to be taken 
up directly by the Telephone Company with the American Telephone 
and Telegraph Company. 

It is quite evident from Gherardi's announcement to the Operating 
Telephone Companies that the organization of the Inspection Engineer- 
ing Department within the Engineering Department of the Western 
Electric Company was most significant. We can conclude from Jones' 
November 2, 1923, memorandum that the criticism of engineering 
design work in terms of "a Company-wide view of the technical 
quality of the systems and apparatus being produced” implies the 
provision for a direct feedback of the operating and field use experience 
to the engineering design organization. Some feedback existed even 
prior to 1907, by virtue of the setup for handling complaints, but the 
implementation of Jones' concept went far beyond this. 

The organization structure, as set up early in 1924 and shown in 
Fig. 9-1, was transmitted with Gherardi's letter. It shows R. L. Jones 
as Inspection Manager reporting directly to E. B. Craft, Chief 
Engineer. The organization is divided into two functions: first. 
Inspection Operations involving primarily the actual inspection of 
material not of Western Electric Company manufacture and, second. 
Inspection Engineering embracing the Quality Assurance function. 

Although the 1924 organization chart was transmitted with Gherardi's 
letter, it should be thought of as a single frame in a rapidly 
evolving panorama, more transient than static. The extent of the 
changes made up to this time can be seen by referring to a prior 
chart (Fig. 9-2) issued in August 1922. This shows F. D. Thompson 
heading the Inspection Department and reporting to W. F. Hendry, 
Assistant Chief Engineer, who reported in turn to E. B. Craft, Chief 
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Engineer in charge of the Engineering Department. First, Inspection 
Operations under Thompson no longer was responsible for Check In- 
spection and Merchandise Inspection, both under J. A. Davidson at 
Hawthorne. Second, a new organization called Inspection Engineering 
was set up under Jones. The remaining Inspection Operations under 
Thompson shown on Fig. 9-1, were transferred to Western Electric 
with the incorporation of Bell Telephone Laboratories in January 1925. 

The organization chart shown in Fig. 9-1 was perhaps thought to be 
most significant to the Operating Companies because of the inclusion of 
ten field engineering locations under H. G. Eddy (some of which had 
not as yet been manned). It is also of interest in that it shows D. A. 
Quarles heading Apparatus Inspection and W. A. Shewhart, Theory and 
Special Studies, both of whom will make themselves heard later. It 
does not include, however, G. D. Edwards, the long-time Director of 
Quality Assurance who was assigned to head the Methods and Results 
organization shortly after this chart was issued. A few months later H. F. 
Dodge was appointed to fill the Apparatus Inspection Methods and 
Results block under Edwards. 

With the incorporation of Bell Telephone Laboratories in 1925, E. B. 
Craft became Executive Vice-President of the new company. Jones 
continued to report to Craft as Inspection Engineer along with the 
Inspection Engineering organization, but as has already been stated, the 
Inspection Operations division remained with the Western Electric 
Company. Figure 9-3 shows the functional organization as it was 
developed in September 1926. This chart is also a snapshot of a transient 
situation but is significant in that it shows Edwards heading Systems 
Inspection along with the Complaint Bureau and both Dodge and 
Shewhart reporting directly to Jones. Actually, many of these changes 
had been under way even before the incorporation of Bell Telephone 
Laboratories. In an article, "The Viewpoint of Inspection Engineering," 
published in the Bell Laboratories Record for August 1926, Jones states: 

The duties of the department are closely interrelated with those of the 

development departments and certain technical groups in the Western 

Electric Company. With proper interpretations they are described as follows: 

1. To develop the theory of inspection: putting existing mathematical 
knowledge into available form for use in laboratory and factory, 
and developing new principles where existing knowledge is inadequate. 

2. To develop methods of stating the quality of various types of apparatus 
and switchboards, and methods of applying these concepts in everyday 
work; to develop economic standards of quality which telephone 
materials should meet. 

3. To maintain oversight of the quality of apparatus, supplies and systems 
currently being furnished for communication service; to make regular 
reports on the current quality of these materials. 
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Fig. 9-1. Organization chart of the Engineering Inspection Department within the 
Engineering Department of the Western Electric Company, as of early 1924. 
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Dominick, F.E. 
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STUDIES 
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TELEPHONE SUPPLIES 
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Barbour, Miss S. 
Chapek, Miss B. 
Peck, Miss H.I. 
Skinner, Miss N.M. 
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Allison, M.G. 
Dusheck, J.G. 

Yahr , M. 


Jervey , W.T. 
Shafer, 1.0. 
Youry , W.H.S. 


HAWTHORNE 
REPRESENTATIVE 
H. J. KNOWLTON 
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DeMuth, Miss A.E. 
Kuntz, J.A. 
Mastny, J.J. 
Armstrong, A.G. 
Rlpkey , W.J. 


Fig. 9-3. Organization chart of the Inspection Engineering organization 
at Bell Telephone Laboratories in September 1926. 
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4. To study the quality and performance of telephone plant in service as 
an aid to further and improved developments; to give special study to 
instances where unsatisfactory quality is reported and to guide the steps 
taken to prevent recurrences of such cases. 

The fulfillment of these duties requires men of many talents: physicists, 
mathematicians; experts in glass, metals, wood, leather, paper, textiles; 
engineers experienced in design, manufacture, and operation. 

In all this work of the Inspection Engineering Department, consulting 
and cooperating with many departments and companies, the activities 
of its members must be those of team play — they have no separate 
laboratories, no individual problems apart from the broad problem of 
contributing, through cooperation, towards the best telephone instru- 
mentalities which present day science and economies admit. 

Jones' description of the function of the Inspection Engineering 
Department gives prominence to the development of "the theory 
of inspection," "methods of stating quality," and "economic stand- 
ards of quality" — all mathematically oriented. Responsibility for 
the development in these areas was shared by W. A. Shewhart 
and H. F. Dodge. In describing the caliber of men required, it was 
made evident that the organizations headed by D. A. Quarles, G. D. 
Edwards, and S. C. Miller were groups of specialists in the fields 
of their responsibility. They were not inspectors in any sense of the 
word and they performed no actual inspection. Inspections were 
performed by the Western Electric Company and in the case of check 
inspection by an engineering organization separate from and not report- 
ing to the Production Organization. The Laboratories' specialists were 
responsible for the development of inspection procedures defining 
such things as sample size, frequency of sampling, and methods of 
reporting data compatible with the statistical theories and techniques 
developed by Shewhart and Dodge. 

Also, the article was more a discussion of the means for develop- 
ing the Inspection Engineering function rather than a definition or de- 
scription of the function itself. Jones was fully aware of this, as is indi- 
cated in the title of the article "The Viewpoint of Inspection Engineering," 
and confirmed by the following quotation which was italicized. 

In order that engineering inspection shall be of greatest value there must 
be an art and science of inspection engineering. 

Undoubtedly, Jones looked upon the development of the "art and science 
of inspection engineering" as his major responsibility; its definition could, 
and must, wait for a later date. As the art and science evolved, the name 
was changed, appropriately, to Quality Assurance, but there is still no 
concise and completely descriptive definition of the function involved. 

Figure 9-4 shows an organization chart dated August 1928, which 
continues the evolution of the Inspection Engineering Department under 
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Jones. It shows Edwards as Assistant Inspection Engineer and four 
functional departments: two concerned with the development of 
theory (Shewhart) and methods (Dodge), and two concerned with 
physical product under Edwards and Quarles. A year later (Fig. 9-5) 
Edwards became head of the entire organization, a position he was to 
hold, first as Inspection Engineer, then as Director of Quality Assurance 
(1940) until his retirement in 1955. 

While it cannot be stated that the August 1929 chart had true long- 
term stability — the organization was still evolving — the four basic func- 
tions had been crystallized and were destined to continue for many years. 

IV. THE FUNCTION OF THE INSPECTION ENGINEERING DEPARTMENT 

We have seen how, under the general guidance of Stoll and Craft, and 
the direct leadership of Jones, the Inspection Engineering concept was 
bom. The latter's statement in 1923, "A type of criticism of engineering 
design work never previously attempted ... to supplement the work of 
the designer in a most important way,” was truly a landmark. Inspec- 
tion had not previously been used for such a purpose and indeed it 
was not Jones' intent to use inspection, as then understood, as the only 
tool at his disposal. In 1926, the Inspection Engineering Department 
employed no inspectors nor did it conduct regular inspections of ap- 
paratus, equipment, or central-office installations. Actual inspection 
was delegated to inspection organizations which in a broad sense were 
part of the various operating divisions of the Western Electric Company. 
These inspections were to be performed under the general direction of, 
and in accordance with Inspection Procedures, prepared by the Inspec- 
tion Engineering Department. Furthermore, the organizations doing the 
actual inspection work were intended to be independent and well re- 
moved from the responsibility of meeting delivery schedules and cut- 
over dates. In other words, the independence they enjoyed earlier as 
part of the Engineering Department was to be preserved. This was, and 
still is, a vital point if the inspection results are to be objective. 

The Inspection Engineering Department appears as a new organiza- 
tion of less than 100 people superimposed upon an existing setup. 
Its purpose was to criticize design, to subject the inspection function 
to a critical engineering analysis, to evaluate quality from a con- 
sumer's viewpoint, and to save money. One can easily imagine the 
contemporary comments: "We got along without it for 20 years, what 
will it do for us now?” "How does one save money by spending more?” 
"We do not have to be told how to inspect, we have been doing 
it for years." "What are all these people going to do?" "What is Inspec- 
tion Engineering anyway?" 

As is so frequently true, changes of this magnitude are not made 
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Eyth, B.R. 

Farrar, H.K . 
Hanunel, W.F. 

Hay, C.J. 

Kanz, F.J. 

Ock, W.A. 

Vieth, W.F. 

Whelan, E.A. 


FIELD ENGINEERING 
R. J. NOSSAMAN 

722-E 10 

NEW YORK 

Bender, D.S. 
Elliott, A.M. 
PHILADELPHIA 

St. Clair, W.K. 
ATLANTA 

Oliver, T.L. 
CLEVELAND 
Garbacz, 0. 
DETROIT 

Kamphausen, R.C. 
CHICAGO 

Whiteside, I.W. 

ST. LOUIS 

Nylund, H.W. 
OMAHA 

Whitworth, W.E. 
SAN FRANCISCO 
St. Clair, J.A. 


Fig. 9-4. Organization chart of the 
Inspection Engineering Department of 
Bell Telephone Laboratories in August 
1928. 
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Dilts, Miss M.M. 
Pritzkow, Miss E.J 
Stein, Miss M.E. 


Helbing, E.F. 


Betts, P.H. 
Hoyt, L.G. 
Vieth, W.F. 


Fig. 9-5. Organization chart of the Inspection Engineering Department of Bell 
Telephone Laboratories in August 1929. 
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from the bottom up, but from the top down. If the new concept had 
not been instigated by Stoll and Craft with the endorsement of 
Harrison of AT&TCo, the function of Inspection Engineering might not 
have seen the light of day for several years. Recall that no one had yet 
proposed a concise and unambiguous definition or even a complete 
description of the function. The intent, of course, was that the new 
organization would develop the science and art of a new discipline 
— Inspection Engineering — and apply it to so control and assure the 
quality of product delivered that Operating Company inspection would 
be unnecessary. Earlier attempts to eliminate Operating Company 
inspections had been unsuccessful. 

The earliest attempt to orient the Inspection Engineering function 
within Bell Telephone Laboratories and to establish the Laboratories' 
responsibilities with respect to the Western Electric Company and the 
Operating Telephone Companies was covered in General Executive 
Instruction (GEI) 1.3 issued over the name of E. B. Craft, Executive 
Vice-President, on December 31, 1925. This document was titled: 
RESPONSIBILITY FOR QUALITY OF PRODUCTS FURNISHED BY 
WESTERN ELECTRIC COMPANY, INCORPORATED. In order to fully 
convey its intent and implications, it is necessary to quote rather 
extensively: 

1.1 In accordance with understandings between the Bell Telephone Labo- 
ratories, Incorporated (hereinafter referred to as the Laboratories), and 
the Western Electric Company, Incorporated (hereinafter referred to as 
Western Company), the Laboratories are responsible for defining the 
standards of quality for materials, apparatus, equipment and systems 
(hereinafter referred to as products) standardized for purchase, 
manufacture and/or installation and furnished by the Western 
Company to the Bell System. 

• • • 

1.3 This instruction outlines the division of functions and responsibilities 
between the Laboratories and the Western Company in respect to 
the quality of products. 

2. RESPONSIBILITY OF LABORATORIES 

2.1 This Company shall be responsible for: 

2.11 Development and standardization of products for purchase, 

manufacture and/or installation by the Western Company; 

2.12 Prescription of the standards of quality by: 

2.121 Preparation of specifications for products covering 
design and essential requirements; 

2.122 Examination and approval of tool-made samples of new 
products; 

2.123 Examination and approval of initial installations of new 
products. 
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One might infer from paragraph 2.12 and subparagraph 2.121 
that "standards of quality" referred exclusively to the engineering 
requirements included in design specifications. Such an inference would 
not be in accord with the terms "quality standards" and "standard 
quality" used a short time later but, at this point, the meaning is not 
too clear. GEI 1.3 continues: 

2.13 Development of manufacturing or inspection methods when 
necessary, coincident to the development of new or improved 
products or as an aid in expressing design requirements . . .; 

2.14 Systematic review of the characteristics of products in relation 
to service requirements, . . . 

As a means to this end it shall: 

2.141 Make studies and analyses of reports of check inspec- 
tions made by the Western Company, showing the 
quality of the current product; 

2.142 Make studies reviewing with the Western Company, as 
by co-operative surveys, design and performance re- 
quirements and their interpretation, methods of inspec- 
tion being employed, and quality results obtained. 

2.15 Making available mathematical principles which will be of 
assistance in establishing design requirements, in determining 
the extent and character of inspections necessary to insure 
that inspection results are indicative of the quality of the whole, 
and in arriving at the conclusions to be drawn from the results 
of inspections; 

2.16 Study of the performance of products in service, as an aid to 
development; 

2.17 Investigation of all customer's complaints on quality of products 
except as provided in paragraph 2.172; 

• • • 

[The exception concerns customer's inspections of new installa- 
tions which complaints are to be referred directly to the 
Installation Branch.] 

2.18 Advising the Western Company whether or not products 
should be shipped in cases where they fail in some respect to 
meet prescribed requirements or are questionable in a character- 
istic not covered by the specifications, but where special con- 
siderations may make their use desirable or permissible; 

2.19 Furnishing such reports as are made to the American Telephone 
and Telegraph Company on the quality of products. 

It appears that in GEI 1.3, the responsibilities and obligations of 
the new Inspection Engineering Department were intermingled with 
the responsibilities of other departments in Bell Telephone Laboratories. 
However, if one looks more closely, only paragraph 2.11 and (with the 
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possible reservation already noted concerning the intended meaning of 
"standards of quality") paragraphs 2.12 and 2.121 apply specifically to 
departments other than the Inspection Engineering Department. The 
remaining paragraphs of Section 2 can be looked upon, and indeed 
were construed at the time, as a charter for the Inspection Engineering 
Department. The conclusion is inescapable that, at least from this point 
on, the Laboratories shared heavily in the responsibility for assuring 
the quality of products supplied to the Operating Companies by 
Western, and that discharge of this responsibility was vested in the 
new Inspection Engineering Department under R. L. Jones. 

With this responsibility charged to the Inspection Engineering 
Department in 1925, the definition of quality should be considered. 
It has already been indicated that the term "standards of quality" seemed 
to refer to the engineering requirements in the design specifications. 
In a paper prepared for use in the department, "The Control of Quality 
of Manufactured Product," dated March 1929, Shewhart states: 

Dating at least from the time of Aristotle, there has been some tendency 
to conceive of quality as indicating the goodness of an object. . . . ad- 
vertisers of the present day appeal to the public upon the basis of the 
quality of product. . . . they implicitly assume that there is a 
measure of goodness which can be applied to all kinds of products . . . 

Thus Shewhart looks upon even the traditional or popular concept of 
quality as implying a measurement and therefore, the existence some- 
where of a means of measurement. This thought appears to underlie 
the use of the word quality in the title of GEI 1.3. 

Shewhart then discusses the "Quality of a Thing as a Variable": 

The quality of a thing is that which is inherent in it and we cannot alter 
the quality without altering the thing. 

Going a little deeper we see that possibly without exception every 
conceptual something is really a group of conceptions more elementary in 
form. The minimum number of conceptions required to define an object 
may be called the qualities thereof and this definition is consistent with 
that given by JEVONS [W. S. Jevons, The Principles of Science ]. The mind 
learns to regard each object as an aggregate of qualities and acquires the 
power of dwelling at will upon one or other of those qualities at the 
exclusion of the rest. 

For our purposes we shall assume that, had we but the ability to see, we 
would find a very large number of different characteristics required 
to define what even the simplest thing really is. 

Within this framework we can think of "standards of quality" 
(paragraph 2.12 of GEI 1.3) as being limited to an engineering 
definition of the attributes of an article that must be measured to 
determine its quality — for example, capacitance, insulation resistance, 
and physical dimensions of a capacitor. How collective measurements of 
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such quality characteristics were to be interpreted in evaluating the 
quality of a product was, in 1925, a process yet to be developed. 
Further discussion along these lines would be out of place at this point. 
The brief discussion of quality given is intended to indicate the many 
sources of confusion and misunderstanding in this new field caused by 
the use of inadequate, ordinary terms. 

V. THE CONTROL CHART 

“The object of this note is to emphasize what appears to be a compara- 
tively new field of applications of statistical methods." With this 
opening sentence, Shewhart began his paper, “The Application of 
Statistics as an Aid in Maintaining Quality of a Manufactured 
Product," published in the December 1925 Journal of the American 
Statistical Association. In it, he discussed the question of limits of 
variation and the mathematical methods for determining when a product 
was being manufactured under a constant system of causes and how 
significant deviations in the quality of product could be detected and 
brought under control. The tool which he had conceived for the first 
scientific approach to maintaining uniform quality in manufacture was 
the Control Chart. It was one of the most valuable and versatile devices 
that emanated from the new art and science of Inspection Engineering. 
The concept was both simple and elegant, perhaps even elegant in its 
simplicity, while being most remote from contemporary thinking. 
Within 25 years or so, it had become so commonplace, so inseparable a 
part of a good economical manufacturing operation, particularly where 
precision products were involved, that it was difficult to realize it had not 
always been around. 

Shewhart's first Control Chart was attached to a memorandum dated 
May 16, 1924, addressed to Jones. The chart, together with Shewhart's 
memorandum, is shown here as Fig. 9-6. (The same items were re- 
produced in the Shewhart Memorial Issue, of August 1967, of 
Industrial Quality Control.) The chart gives upper and lower limits, 
now generally called upper control limit (UCL) and lower control 
limit (LCL). The brief memorandum gives no clue as to the mathematical 
determination of these limits or their philosophical justification. The 
memorandum does state, however, that when a point goes outside the 
limits, the product is not satisfactory. This is almost too strong a 
statement until one considers its framework. At this point, it should be 
remembered that Shewhart chose his words carefully; he did not say 
unserviceable. In a Memorandum for File of the same date, Shewhart 
wrote: 

The observed values of the fractional number p having a given char- 
acteristic may, however, be expected to vary within certain limits, as a 
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result of uncontrolled random variations in the manufacturing process. 
The report should indicate, therefore, if the observed fluctuations of p 
are within these limits . . . The usefulness of the chart depends upon the 
significance of the lines drawn thereon (upper limit and lower limit) 
and not upon the method of drawing the lines. 

In an article a few months earlier, "Some Applications of Statistical 
Methods to the Analysis of Physical and Engineering Data," published 
in the January 1924 Bell System Technical Journal , Shewhart states: 

Statistical methods alone do not answer all of the questions that are raised 
in this problem nor do they answer them in many others. There is almost 
always room for judgment to enter. 

It is evident that the physicist Shewhart did not consider statistics 
to be a substitute for thought but rather an adjunct which could assist 
in directing thought along fruitful lines. 

In the immediately ensuing years, Shewhart wrote many memoranda 
covering his work and published several papers. The first paper 
specifically titled "Quality Control Charts" was published in the 
October 1926 Bell System Tech nical Journal . In this paper the philosophical 
basis for the Control Chart is made clear, sometimes with quite 
homely examples. Liberal quotation is justified since many users of the 
technique have lost sight of the original intent. 

First, Shewhart draws a nice distinction between "assignable" 
and "nonassignable" causes, a concept which is vital: 

To make clear the significance of the terms "assignable causes" and 
"nonassignable causes," we may make use of the following illustration. 
Suppose a person were to fire one hundred rounds at a target. We know what 
probably would happen — the individual would not hit the bull's-eye 
every time. Possibly some of the shots would fall within the first ring, 
others within the second ring, and, in general, the shots would be 
distributed somewhat uniformly about the center of the target. We have a 
more or less definite picture of some of the possible reasons why the 
individual would not hit the bull's-eye every time, but we probably cannot 
assign the reasons or causes for his missing the bull's-eye in any 
particular instance — the causes of missing are nonassignable. Suppose, 
however, that the individual tended to shoot to the right of the bull's-eye. 
Naturally we would conclude that there was some discoverable cause 
for this general tendency, i.e., we would feel that the observed effect 
could be assigned to some particular cause. 

He then presents the essence of the problem of controlling the 
quality of a product, as he sees it, within this framework: 

Here then is the practical commercial problem — When do the observed 
differences between the product for one period and that for another indicate 
lack of control due to assignable causes, and when, on the other hand, 
do the differences in quality of manufactured product observed from one 
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Mr. R. L. JONES:- 


A few days ago , you mentioned some of the problems 
connected with the development of an acceptable form of in- 
spection report which might be modified from time to time, in 
order to give at a glance the greatest amount of accurate in- 
formation. 


The attached form of report is designed to indicate 
whether or not the observed variations in the percent of de- 
fective apparatus of a given type are significant; that is, 
to indicate whether or not the product is satisfactory. The 
theory underlying the method of determing the significance 
of the variations in the value of p is somewhat involved when 
considered in such a form as to cover practically all types 
of problems. I have already started the preparation of a 
series of memoranda covering these points in detail . Should 
it be found desirable, however, to make use of this form of 
chart in any of the studies now being conducted within the 
Inspection Department, it will be possible to indicate the 
method to be followed in the particular examples . 


W. A. SHEVHART. 


Enc . : 

Form of Report . 


Fig. 9-6. W. A. Shewhart's first 
Control Chart and accompanying 
memorandum of May 16, 1924. 
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period to another indicate only fortuitous, chance or random effects which 
we cannot reasonably hope to control without radically changing the 
whole manufacturing process? 

The reader is then led, almost literally by the hand, through a process 
for determining a frequency distribution from actual observed data for 
one characteristic of a telephone transmitter. After obtaining this distri- 
bution, Control Charts are set up for such statistics as average, 
standard deviation, skewness and kurtosis, using three-sigma limits and 
the values of each of these statistics, calculated from each month's data. 
It is evident that Shewhart was thinking of very large samples taken over 
a substantial period of time which required a search for relatively 
small changes in the distribution from month to month. The application 
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of the Control Chart concept to very small samples, four or five, 
was not proposed until some time later. 

VI. A PRELIMINARY NOTE ON SAMPLING INSPECTION 

Inspection by attributes, the examination and test of individual items 
of production to classify them as either good or bad, was the usual 
type of inspection employed by the Western Electric Company. 
As has been mentioned earlier, sampling was resorted to frequently 
to reduce inspection cost. What was needed was some program of 
sampling inspection which would minimize inspection cost and guarantee 
product of a quality acceptable to the user. 

Perhaps the earliest documentation of a suggested plan for attacking 
the sampling inspection problem is found in Memorandum for File 
I.M. 118, dated July 22, 1925, by H. F. Dodge, who directed the group 
responsible in this area. This memorandum opens by stating that the 
consumer specifies the requirements needed for service and translates 
these requirements into specifications. The manufacturer endeavors to 
meet these requirements at the lowest possible cost. One item of this 
cost is assuring, by inspection, that the product meets the con- 
sumer's requirements. Sampling inspection, therefore, is dictated by 
economy. Dodge then discusses the use of a posteriori as opposed to 
a priori probabilities in solving this problem and develops reasons for 
proposing the latter. The Shewhart influence in setting up the basic 
structure is evident in the following, quoted from I. M. 118: 

With a controlled process, the average composition of the product is 
known. Individual lots produced by this controlled process may then be 
considered as samples from a single universe, and as such their composi- 
tions will deviate from the "process average" in accordance with the 
fluctuations of sampling. 

In sampling inspection, we inspect only a portion of each lot. These 
inspection samples can be considered as smaller samples from the same 
universe. The composition of the inspection samples will likewise deviate 
from the "process average" in accordance with the fluctuations of sampling. 
This provides a basis for drawing conclusions as to the probability of 
occurrence of samples having any stated composition, and permits us to 
set up criteria for accepting individual lots. 

Within this framework, the memorandum develops and defines the 
basic concepts of consumer's and producer's risks. (These definitions 
have remained essentially unaltered except for the more or less general 
dropping of the "A" and the frequent substitution of "product" or 
"process" for "lot" in the second definition.) 

The Consumer's "A" Risk is the probability of finding not more than the 
acceptance number of defects in a sample drawn from a lot containing the 
tolerance fraction defective. 
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The Producer's "A" Risk is the probability of finding more than the ac- 
ceptance number of defects in a sample drawn from a lot containing 
the process average fraction defective. 

In essence, then, the consumer's risk is the probability of acceptance 
for some stated value of "poor" quality, while the producer's risk 
is the probability of rejection for a stated value of "good" quality. 
Incidentally, Samuel S. Wilks in his book Mathematical Statistics , page 
397, states, "The concepts of producer's and consumer's risks were, in 
fact, the forerunners, respectively, of risks of Type I and Type II 
errors," used in the testing of statistical hypotheses. 3 

Subsequent accomplishments over the next few years are well 
described by H. F. Dodge and H. G. Romig in the Introduction to their 
classic book Sampling Inspection Tables : 

The use of these two risks alone for obtaining a sampling plan was insuf- 
ficient to the needs of the problem. They merely provide the equivalent 
of a statistical test for a unique sample from a unique lot. What was required 
was the inclusion of some of the ideas contained in the theory of 
"quality control" then under development in the Bell Telephone System. 
These ideas involved the treatment of lots not individually but as a series. 
Such a treatment provided a basis for securing certain fundamental 
and over-all advantages by an adjustment of inspection procedure to the 
actual quality conditions existing at any time. One of the more important 
practical advantages is "a minimum amount of inspection for a given 
inspection procedure," which is one of the salient features of the tables in 
this book. 

Shortly thereafter, in 1926, in a program of active cooperation between the 
Laboratories and the Western Electric Company, the first set of sampling 
inspection tables was prepared for shop use. These tables provided a com- 
plete set of "minimum inspection" solutions for several selected levels of 
process average quality using the lot tolerance concept with a 10 percent 
Consumer's Risk. Studies had shown, however, that a double sampling 
procedure offered both theoretical and practical advantages. These tables 
were accordingly prepared for double sampling as well as single 
sampling covering ranges of conditions dictated by the needs of actual 
shop practice. 

Thus began a period of great creativity at Bell Telephone Laboratories 
with the development of the basic concepts of statistical quality 
control and its application to specific fields such as sampling inspection 
theory. As will be shown in a later volume of this history, with the 
application of the principles developed by Shewhart, Dodge, Romig, and 
their associates in later years, a new technology was created which 
rapidly spread through the industrial community in the United States 
and many other countries. A new technical society was later formed, 

3 In statistics, a Type I error is the probability of rejecting the null hypothesis when 
it is true. A Type II error is the probability of accepting the null hypothesis when it is false. 
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the American Society for Quality Control, and the field grew in scope 
to become a powerful management tool to assure efficient production of 
high-quality products. 

VII. CONCLUDING REMARKS 

The need for sound economic means for insuring that the Operat- 
ing Companies were supplied with product adequate to meet service 
demands was recognized at the earliest inception of the Bell System. 
The foregoing highlights major innovations and developments of the 
then unnamed Quality Assurance function and shows that the goals of 
the function were well understood by 1925 when Bell Telephone 
Laboratories was incorporated. 

At that time the department responsible for the function was still 
called "Inspection Engineering Department" and it is shown how the 
organization structure evolved during the first few years following 
incorporation. However, the required engineering and mathematical 
developments had just started, so that a more complete discussion of the 
art and science of Inspection Engineering will be reserved for a later 
volume of this history. In that volume we will also trace all other 
developments up to the present in the Quality Assurance area, mainly 
from the vantage point of Bell Telephone Laboratories, of which the 
Inspection Engineering Department formed a part since 1925. 


Chapter 10 
The Spirit of Research 


" Research is the effort of the mind to comprehend relationships which no 
one has previously known. And in its finest exemplifications it is practical 
as well as theoretical; trending always toward worthwhile relationships; 
demanding common sense as well as uncommon ability." H. D. Arnold's 
definition of Research characterized a movement initiated even before his 
time, when a few farsighted executives sensed the potency of the scientific 
method and commenced enlisting trained scientists to work on fundamental 
problems. Thus there emerged a generation of men for whom an industrial 
setting, far from impeding scientific inquiry or diluting its fundamental 
quality, proved a stimulant to prolific contributions to science. 

How quickly these contributions came to advance the telephone art, 
beginning about the turn of the century, we have described in previous 
chapters. In this concluding chapter, we discuss Bell System scientific 
research in a more specific way: that is, who the individuals were, what 
were their backgrounds, and how they were motivated, still working on the 
frontiers of science, to collaborate and direct their insights against 
challenges posed by the new art of telephony. 


I. INTRODUCTION 

Alexander Graham Bell was not a trained scientist. His discoveries 
resulted more from insight, persistence, and a keen sensitivity to 
human needs. Actual commencement of scientific research in the 
telephone industry is more appropriately dated from late 1885 when 
Hammond V. Hayes joined the staff of the American Bell Telephone 
Company in Boston. Hayes, a graduate of Harvard, had studied 
electrical engineering at the Massachusetts Institute of Technology and 
had then received one of Harvard's earliest doctorates in physics. 
Hayes was quick to sense the ultimate technical complexity of 
telephony and to perceive that its scientific roots must extend into 
deeper soil than could be cultivated with the primitive tools his 
telephone associates were using. 
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The period immediately preceding had produced many notable 
engineering advances — the first skyscraper, in Chicago; the tele- 
phone, in Boston; the electrified subway, in London; the electric 
trolley car, in Baltimore; the electric elevator, in New York; the 
incandescent bulb, in Menlo Park, New Jersey — all within a space of a 
dozen years. Yet, with the universities considered to be the primary 
sources of new scientific knowledge, there prevailed a science- 
technology gap that demanded reform in the relations between 
theorists and the so-called practical men. Thomas Edison's laboratory, 
organized in 1876 and responsible for many extraordinary inventions, 
had been characterized more by the try-and-try-again (so-called 
Edisonian) technique. In the General Electric laboratory at Schenec- 
tady, established in 1892 and stemming from Edison's work, we see 
some of the earliest signs of the scientific approach. Likewise, in 1889 
the United States petroleum industry employed its first professional 
chemist, William Burton, who devised a once-important oil cracking 
process; and in 1902, E. I. du Pont de Nemours instituted organized 
chemical research, the first company in its field to do so. 

These beginnings, however, were not viewed everywhere without 
some skepticism and suspicion, and the general extension of scientific 
methods into arts and industries was a slow process. As late as 1916, 
J. J. Carty, Chief Engineer of the American Telephone and Telegraph 
Company, in his presidential address at the 33rd Annual Convention 
of the American Institute of Electrical Engineers, remarked that: 

While many concerns in America now have well-organized industrial 
research laboratories, particularly those engaged in metallurgy and 
dependent upon chemical processes, the manufacturers of our country as 
a whole have not yet learned of the benefits of industrial scientific research 
and how to avail themselves of it. 

Colonel (later Brigadier General) Carty went on with the following 
statement concerning research in his own industry: 

Industrial research, conducted in accordance with the principles of 
science, is no new thing in America. The department which is under my 
charge, founded nearly forty years ago to develop, with the aid of 
scientific men, the telephone art, has grown from small beginnings with 
but a few workers to a great institution employing hundreds of scientists 
and engineers; and it is generally acknowledged that it is largely owing to 
the industrial research thus conducted that the telephone achievements 
and development in America have so greatly exceeded those of other 
countries. 

Carty additionally remarked that though the development of electric 
lighting, electric power, and electric traction had come later than the 
invention of the telephone, nevertheless some of the larger electrical 
manufacturing concerns had founded industrial scientific research 
laboratories which had already attained worldwide reputation and had 
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brought returns to their sponsors, in the form of profitable improve- 
ments in the art, worth many times their cost. 

We have cited the enlistment of Dr. Hammond V. Hayes in 1885 as 
representing the initiation of genuinely scientific approaches to the 
problems of telephony. Indeed, looking back to the earliest research 
efforts within industry, we find it difficult to cite a more clearly 
illustrative case of sheer intellectual power, brought to bear on an 
urgent and baffling problem, than the fundamental approach to 
telephone transmission encouraged and sponsored by Hayes. 

Accordingly, our discussion of telephone research begins with early 
research in electrical communication theory and the supporting 
mathematics associated with electrical transport and distribution of 
voice signals over wires, in networks, and in space. We then consider 
speech, hearing, and sound and the penetrating researches in these 
fields — including their subjective aspects, which were vital in tele- 
phony and yet unapproachable for investigation until the telephone 
itself became available as an instrument of measurement. Finally, 
recognizing the critical importance of materials and their properties in 
both the physical makeup and the performance of the vast telephone 
plant, we trace the stepping-stones in chemistry and metallurgy and 
the advances in physics, up through the mid-1920s, which were 
fundamental to the understanding and control of materials behavior 
and the creation of new and better materials. 

II. RESEARCH IN ELECTRICAL COMMUNICATION THEORY 

It has been obvious, in our discussions in earlier chapters on the 
work of Bell and his immediate successors, that while they knew 
something about mechanics and acoustics and about resonance 
phenomena associated therewith there was scarcely a suspicion that 
these phenomena had precise electrical analogues that would have to be 
understood before telephone transmission could advance beyond its 
primitive stages. 

The British physicist Sir William Thomson, afterwards Lord Kelvin, 
whose early studies in transmission we have already noted in Section 
4.1.3 of Chapter 4, had published in 1853 a mathematical analysis of 
the discharge of a condenser (capacitor) through a circuit containing 
resistance and inductance. His solution to the differential equation 
had shown that the discharge could be oscillatory, as had been 
suggested earlier by Helmholtz (Berlin, 1847). Such oscillations had 
been observed experimentally by others, but the reasons for them had 
been obscure. 

Fifteen years passed, however, before Maxwell (in 1868) performed a 
similar analysis in which he assumed, instead of a condenser 
discharge, the application of a sinusoidal electromotive force, and 
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showed the conditions for resonance or maximum current. Maxwell, in 
this exposition, provided the tie-in with Newton's mechanics of the 
previous century by likening the resistance of the circuit to the effect 
of a viscous fluid in which a body is made to move backwards and 
forwards; by likening the inductance of the electromagnetic coil to the 
mass of a large boat resisting efforts to accelerate it alternately in 
opposite directions; and by comparing the condenser to a railway 
buffer resisting the impingement of the "carriage" against a fixed 
obstacle. This analysis by Maxwell enhanced the reputation already 
achieved through his electromagnetic field equations of 1864, estab- 
lishing him as the Newton of nineteenth-century physics. 

Thus the knowledge underlying alternating-current electric-circuit 
theory was coming to light nearly 20 years before the arrival of the 
telephone, yet possessed by scarcely anyone except the advanced 
physicist; and even in 1884, the year of the founding of the American 
Institute of Electrical Engineers, 1 the inductance coil remained a 
"choak" to alternating currents while the condenser or "Leyden" was 
mainly used to store and discharge static electricity. About that time, 
however, it had been noted that the output of an alternating-current 
generator could be increased by connecting a condenser in series; and 
the British physicist Hopkinson, in explaining this observation on the 
basis of Maxwell's circuit analysis of 1868, pointed out that under 
resonance conditions the potential across the condenser might be 
many times the generated voltage. Startling as this must have 
appeared, it failed to attract much attention from practicing engineers, 
many of whom were preoccupied with direct-current problems and 
satisfied to let such an intricate and apparently abstruse matter lie at 
rest until its consideration might be forced on them. But it was soon 
afterwards that Hertz, in his high-frequency experiments already 
described in Section I of Chapter 5, made practical use of the 
resonance phenomenon (Fig. 10-1) in adjusting his circuits to draw the 
maximum length of spark in his wave-detecting loop. And by about 
1890, what appeared a few years earlier to have been merely an 
interesting laboratory experiment, having no further application than 
perhaps the breaking down of a condenser, was developing some 
practical aspects to which the advent of alternating-current power 
systems was forcing engineers to give attention. For example, the 


1 AIEE was founded in that year “to promote the Arts and Sciences connected 
with the production and utilization of electricity, and the welfare of those employed 
in these industries; by means of meeting for social intercourse, the reading and 
discussion of professional papers, and the circulation, by means of publications 
among its members and associates, of the information thus obtained." Among its 
charter members, in addition to power and telegraph engineers, were some dozen 

telephone men, including Alexander Graham Bell, who was president of the 
Institute in 1891-92. 



Fig. 10-1. Earliest known electrical resonance curves (from Hertz's experiments in 1887). 

French power engineer Boucherot brought to light a highly interesting 
property of a circuit (Fig. 10-2) composed of a coil and a condenser, 
each of X ohms reactance at the frequency employed, whereby an 
alternating voltage E applied at the input terminal will produce an 
alternating current of EIX amperes at the output terminal, regardless of 
the impedance connected thereto; and this property found important 



Fig. 10-2. An early example of resonant circuit theory: one of the Boucherot 
"constant current" networks delivering a current that is independent of the ter- 
minating impedance. 
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uses, for example, in the series-connected arcs that were used in early 
street lighting. 

Apart from such special applications, resonance was generally 
something to be avoided under the constant-frequency, constant- 
potential conditions that were sought in power engineering and 
electric lighting. But for scientists and engineers whose interest was in 
electrical communication — and more specifically, telephony, where 
response to a wide spectrum of frequency and range of amplitude is a 
sine qua non — the thought was dawning that the resonant network 
with its dynamical character was the electrical analogue of their 
acoustomechanical contrivances, and far more adaptable. It was 
apparent that the attempts of Bell, Gray, and others to develop the 
“harmonic telegraph” might have gotten further had they appreciated 
the equivalence of coils and condensers to the masses and springs of 
their vibrating instruments. Likewise, in limited circles there was an 
appreciation of the more generalized form taken by Ohm's law and 
Kirchoff's laws, and by such structures as Wheatstone's bridge, with 
the introduction of reactive circuit elements and the inclusion of 
frequency as a parameter. 

It was into this livening atmosphere of electrical theory that 
Hammond Hayes found himself projected in 1885 as he took charge of 
the experimental work at the American Bell Telephone Company in 
Boston; and he must have made the observation that much of the 
advance on the theoretical side was being made in foreign countries, 
despite the slow start which actual telephone usage was making in 
these countries because of the entrenched position of telegraphy in the 
postal administrations. We cite two further examples of advancement 
in electrical theory abroad which undoubtedly came to Hayes' 
attention: 

(i) a network theorem (1883) of L. Thevenin, 2 which was to become 
fundamental in developing transmission network theory, and 
(//) the first known arithmetical calculation (1884), by Lord Rayleigh, 
of the distance over which speech might be transmitted in a cable. 

These two disclosures deserve more than passing notice, one 
typifying the penetrating acuity of French thought in theoretical 
matters, the other illustrating a British capacity for supplementing 
theory with practical approximations to cut through to a needed 
conclusion. 

Thevenin's theorem — which, like Ohm's law, can be generalized to 
cover the alternating-current case, i.e., to include reactances as well as 
resistance — as illustrated in Fig. 10-3, and states that the current I T 
that will flow in an impedance Z T terminating a network N can be 


2 "Sur un nouveau theoreme d'electricite dynamique," Comptes Rendus, 1883. 
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I T = E T /(Z 0 + Z T ) 


Fig. 10-3. Thevenin's theorem, central to circuit theory, postulated that the 
internal details of a network need not be known if certain external measurements 
can be made. 

determined by (/) observing the voltage E T at the terminals with Z T 
open-circuited, and ( ii ) measuring the impedance Z 0 looking back into 
the network with the original source (or sources) still connected but 
generating no voltage. The current I T will then be E T I(Z 0 + Z T ). Thus, 
if the required measurement of Z 0 can be made, the complete 
performance of the network can be predicted with no knowledge of its 
internal makeup; or alternatively, if the details of the network are 
known, the performance can be predicted by calculating Z 0 with the 
simplification that the original source is removed and replaced with its 
internal passive impedance. 

Thevenin proved his theorem by a clever application of the 
Superposition Principle, already well established, whereby the cur- 
rents in a linear passive network due to a plurality of voltages in 
different branches can be determined by simple addition of the 
currents that would be produced by the individual voltage sources 
acting separately. His theorem, 3 a brilliant conceptual achievement for 
his time and a perfect illustration of "research” as defined by Arnold, 
became of immense practical value in subsequent decades in the daily 
network problems handled by circuit engineers. 

In the entirely different contribution by Rayleigh, which he 
presented at a Montreal meeting of the British Association, we find 
what is thought to be the first instance of an expression for exponential 
decay being applied to a sinusoidal voltage in the voice-frequency 
range impressed on a cable. Choosing ”a note rather more than an 
octave above middle C" — specifically, with Irrf equal to 3,600 radians 
per second, that is, a frequency of roughly 600 hertz — and using 
resistance and capacity figures representative of the Atlantic telegraph 
cables of that time, Rayleigh deduced that a distance of 20 statute 
miles would reduce the "intensity” (i.e., ultimately the sound-power 

3 Both Thevenin's theorem and a companion or "dual" thereof stated by E. L. 
Norton (Bell Telephone Laboratories, 1926) had been anticipated by the German 
physicist Helmholtz in 1853. Norton's theorem states that the current I T can be deter- 
mined by noting the short-circuit current at the terminals and assuming that this 
same current will flow when Z T is connected but will be partially diverted into an 
impedance Z 0 shunting Z r . 





890 


Engineering and Science in the Bell System 


level) "to about a tenth" (more exactly, by a factor of 0.135). Rayleigh 
then demonstrated how clearly he appreciated the iterative nature of 
this decay by observing that such a reduction in intensity could not 
often be repeated without rendering speech inaudible; and that 
consequently "with such a cable the practical limit would not be likely 
to exceed fifty miles, more especially as the easy intelligibility of 
speech required the presence of tones still higher than is supposed in 
the above numerical example." 

The intricacy of the transmission problem was pointed up still 
further the following year (1885) in a treatise on "Alternating Currents 
of Electricity," by Blakesley of the Royal Naval College, Greenwich, in 
which the application of hyperbolic functions to calculations of 
alternating-current transmission was discussed and numerical values 
were given for relative attenuation of different harmonics of the 
fundamental note. The treatise stated: "Thus, at the end of a cable of 
any considerable length and capacity the various tones of the voice 
would be received in a state of degradation depending upon their 
pitch . . . the ear has not the synthetic power of reconstructing a 
composite tone from the wreck of variously degraded components. In 
this consideration reside the limits of telephony . . ." 

Such was the intellectual ferment stirred up by the invention of the 
telephone, highlighting as it did the ignorance prevailing in the world 
of engineering and physics concerning electric waves and oscillations. 
The excitement of this new area of investigation and analysis, for 
those equipped with the intellect and training to explore it, was 
reaching a high point in the mid-1880s, as demonstrated by the 
examples just given, and was sustained by the further revelations of 
Heaviside, beginning in 1886, concerning wave propagation on wires 
and the role of the magnetic field therein. 

One can imagine the challenge felt by a keen and well-trained mind 
given the responsibility of making this new knowledge useful in an 
infant industry, an industry already outpacing, in its almost wild 
growth, its capacity to adapt; for hardly any but empirical and 
cut-and-try methods had characterized telephone development up to 
that time. Because of the host of practical problems facing Hammond 
Hayes as he took over his assignment in December of 1885, he could 
never spend more than a small fraction of his time on the strictly 
scientific problems that intrigued him. Like others of similar 
background who came in later decades, he made up for this with his 
keen scent for promising trails to be followed and his brilliant 
direction of the minds that would explore them. In his quest for such 
talent his first discovery was John Stone Stone, recruited from Johns 
Hopkins University in 1890 through the recommendations of the 
renowned physicist Rowland, then on the Hopkins faculty. 
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Fig. 10-4. An early concept of John Stone Stone: use of a choke coil R, and a 
condenser C to separate the direct- current supply and the alternating-current 
product of modulation. An advantage cited was that a larger direct current could 
be fed through the microphone M than would otherwise be possible with the same 
size of primary wire on the line transformer I. (Redrawn from J. S. Stone, 1892, U. S. 
Patent No. 487,102, Fig. 2) 


Well- equipped mathematically, already fascinated by the develop- 
ment of telephony, and impressed with the scientific beauty of 
electric-wave propagation as demonstrated in the experiments of 
Hertz, Stone embarked on his telephone career with enthusiasm. 
Hayes could scarcely have found a man better prepared, for that stage 
in the art, to make original contributions requiring both an under- 
standing of existing theory and an imaginative approach to practical 
utilization, however far in the future. Stone could well, therefore, be 
considered the progenitor and exemplar of the communications re- 
search engineer of today, as Hayes was the pioneer administrator. 

Some 20 patents granted in Stone's name during his ten years in 
Hayes' Boston laboratory — one, concerning cables, a joint patent with 
Hayes — attest to the breadth of Stone's perspective. In Stone's first 
patent application 4 we find him drawing a distinction between the 
direct-current supply of a microphone telephone transmitter and the 
alternating-current products of modulation. Figure 10-4 corresponds to 
the second figure of the patent. Lloyd Espenschied, engineer-historian 
who was to know Stone in a later decade of his career, sees in this 
disclosure early evidence of Stone's analytical ability and originality, 
his separation of the two components presaging the later separation of 
carrier and sidebands in high-frequency telephony. 

4 J. S. Stone; U.S. Patent No. 487,102; filed October 10, 1891; issued November 
29, 1892. 
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In the latter part of 1891, after some brief and unsuccessful attempts at 
wireless communication but with Hertz's demonstrations of resonance 
still fresh in his mind. Stone began to entertain the notion of using 
resonant circuits in telephony — first as they might apply to selective 
signaling for an automatic telephone exchange, but soon afterward 
(May 1892) for the purpose of multiplex telephony. The following testi- 
mony, offered several years later in some patent suit proceedings, 
outlines Stone's ideas as he laid them before Hayes: 

I described to him how it could be possible to develop the high frequency 
currents by means of the Tesla oscillator which I had used in my experi- 
ments on signaling through space; how these currents could be varied in 
amplitude so as to correspond to the sound variations of the voice; and 
how, at the other end of the telephone circuit resonant electric circuits, 
one attuned to each of the frequencies in the high frequency currents 
impressed upon the line, could be employed to selectively receive these 
high frequency telephone currents. I pointed out to him that the fre- 
quencies of these high frequency currents could be made so great that 
except when their amplitude was varied they would produce inaudible 
effects in telephone receivers through which they pass, and that when their 
amplitudes were varied so as to correspond to the vibrations of the voice, 
the receivers through which they passed would reproduce the vibrations in 
the voice. 

Encouraged by Hayes, Stone and an assistant worked for a year 
to try to implement these ideas; but, as with many concepts that are 
far ahead of their time, the notion of transporting speech waves by 
superposition or modulation upon a wave of higher frequency serving 
as a "carrier'' had to await developments that were still in the future. 
One of these, it was fairly self-evident, was a generator of clean, 
continuous carrier waves. Interestingly, as we have already noted in 
Section 4.2.2 of Chapter 4, it was to be Stone himself who would intro- 
duce to Bell engineers two decades later the revolutionary device of 
de Forest that would supply this need. More obscure but even more 
fundamental, and likewise not to be understood for 20 years, was the 
process of modulation itself and the stringent requirements it would 
impose upon the selective circuits that Stone had tried to imagine. 
Nevertheless, this pioneering effort toward multiplex telephony played 
its part in sustaining Hammond Hayes' conviction that fundamental 
science, vigorously pursued, would hold the key to telephony's future. 

Early in 1896, when the publicity on X rays and the discovery of 
radioactivity were reaching a peak, the alert mind of Stone speculated on 
the possibility that X-ray or other discharge tubes might be used for 
amplifying purposes, i.e., as "telephone relays." On the theory that the 
effect of radiations in such tubes would be "to temporarily convert 
dielectrics through which they pass into conductors of electricity, i.e.. 
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Fig. 10-5. In J. S. Stone's sketch of a possible speech amplifier or telephone 
relay, A is a "vacuum tube," a-a are electrodes of large surface, b is a very narrow 
passage with thin walls, c-c is a thick tube to strengthen an otherwise weak con- 
struction, and n is two parallel isulated wires coiled around the passage b. It appears 
that the potential developed across the two wires n by the telephone transmitter is 
intended to interact with the discharge through passage b and thus to appear in 
amplified form in the output circuit involving electrodes a-a. (Redrawn from J. S. 
Stone's sketch of March 6, 1896) 

to enormously enhance the conductivity of the dielectric pro tempore," 
Stone suggested the arrangement shown in Fig. 10-5. 

Indicative of Stone's clear appreciation of what was required for a 
successful speech amplifier was his specification that the conductivity be 
"approximately a direct linear function of the potential difference," 
and that there be "no appreciable time lag" in the changes in conductivity. 

Other ideas 5 of a similar nature, involving applications of Roentgen 
rays or other radiations to telephone relaying, were proposed by Stone's 
colleague F. L. Rhodes. Yet this at a time when the electron itself 
had not yet been identified; and eventually it was not to be X rays, but 
rather the electrons that create them, that would become useful for 
amplification. What is remarkable in retrospect is the clarity with which 
these young engineers saw what was needed, so far in advance of its 
possible achievement. Even earlier (1890-92), when Stone's notes indi- 
cate that the subject of telephone "relays" was under discussion in the 
department, he had entertained the idea of using a dynamo as an ampli- 
fier of telephone sounds, feeding the microphone into the field winding 
and taking the amplified output from the armature. 

5 L. Espenschied, "Early Dreams of Electron Relays," Bell Laboratories Record, 
October 1947. 
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It was in 1897 that Hayes, in his continued objective of establishing 
a modest corps of highly trained scientists in the Headquarters technical 
staff of American Bell, brought Dr. George A. Campbell into what was 
still called the Mechanical Department. Hayes already had Stone work- 
ing on implementing the mathematical discoveries of Heaviside, par- 
ticularly relating to loading of cables, and in Section 4.1.3 of Chapter 4 
we noted Stone's work on continuous loading and the use of inductance 
to match the impedance of "entrance” cables to the impedance of open 
wire lines. With the attenuation problem on long lines becoming so 
serious as to demand the highest level of attention, Hayes directed 
the efforts of Campbell thereto. Since the results of this concentrated 
effort by Campbell have been given in detail in the same section of 
Chapter 4, our present purpose will be served by citing the comments 
of Vannevar Bush, 6 many years later, in appraising Campbell's con- 
tribution: 

... In Heaviside's day the time was not ripe for great communication 
systems, nor were men of his time receptive to what appeared to be radical 
departures from convention. Unless there had been prophets to see the 
light and to carry it over into the new day, the great work of Heaviside 
would have been lost. These men who carried the torch can be numbered on 
the fingers of one hand, and of them Campbell stands out as the predomi- 
nant figure, not alone because his grasp was sound and persistent, but 
also because he was associated with those who by transportation and 
communication developments were beginning the great work of joining 
America into a single nation. 

Into this early advance, to meet a commercial exigency, came the loading of 
telephone lines. The vision was Heaviside's. The design formulae were 
Campbell's. Out of a mathematical argument came coils of the right size 
and in the proper places to enable wires to go underground and to carry 
speech to long distance. 

In Campbell's time the problem of propagation over wires was largely 
abstract, and it is accordingly difficult in retrospect to appreciate its 
intricacies. And though electrical configurations were more adaptable to 
mathematical treatment than were mechanical ones, it was a long road 
from the bare idea of continuous loading, or even the suggestion that 
the loads might be discrete, to an actual working cable or open wire 
line with the proper loads at the correct spacings. 

Empiricism here [continued Bush] would have been utterly hopeless and 
unjustifiably expensive. One cannot temporize with a long transmission 
line running across actual country by trying this and replacing that. Hap- 
hazard work of that nature could have but resulted in discouragement and 
failure. Procedure by thoroughly rigorous mathematical treatment to the 
condition where operation is understood, is the necessary step if the result 

6 Foreword to The Collected Papers of George Ashley Campbell, AT&TCo, 1937. 
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is to be practically accomplished. For this, Campbell, and Campbell almost 
alone, deserves the credit. He gave us the loaded line. 

In telephony there is a subtlety in the end product, human communi- 
cation. This subtlety, and the silent instantaneity of the process of 
telephoning, have supplied a glamor of an intellectual sort, which has 
always aided in the enlistment of superior minds. Doubtless this appeal 
was felt by Campbell when he signed the roster in 1897, and by others 
who joined the slowly growing force of talented young men built up by 
Hayes. John Stone Stone left in 1899 to work on his own, being especially 
intrigued by the possibilities of wireless, a medium he had tried while 
under Hayes but found not yet ready for exploitation in telephony. 
Into his place Hayes brought E. H. Colpitts from the Harvard faculty, 
who worked with Campbell to "prove in" and develop the early loading 
systems, later to become famous for his inventions in wire and radio 
telephony and as a research administrator. Also brought in by Hayes 
was G. W. Pickard, trained at Harvard and M.I.T., who carried Stone's 
early attempts at wireless to a somewhat more advanced state in 1902. 
Though still lacking the necessary source of continuous oscillations, 
Pickard succeeded in modulating a high-frequency spark discharge in a 
crude manner with the voice. Then in 1904, through the personal efforts 
of Campbell, Dr. Frank B. Jewett, a University of Chicago physicist, 
was recruited from the M.I.T. faculty. Jewett was destined two 
decades later to become the first president of Bell Telephone Labora- 
tories, and was one of the world's most articulate spokesmen for the 
pursuit of scientific research in industrial laboratories. 

With these and other capable recruits, some of them brought in by 
Jewett, the small coterie of men with advanced training grew 7 in size, 
and with its growth there developed the essential ingredient of large- 
scale success: the cross-pollination of ideas that comes from intimate 
association of highly trained minds exposed to a common broad prob- 
lem. Hammond Hayes had established the nucleus and provided the 
early environment. Jewett in turn saw in the pooled contributions of 
Campbell, Colpitts, and their associates the supporting evidence for 
his convictions. Continued advancement in telephony, he could see, 
would require assimilation of exceptionally talented men into a cohesive 
force, capable of a penetrating attack on fundamental problems. 

Heavily occupied though it was with the great number of engineering 
and operational problems posed by a complex young industry, the 
Boston laboratory under Hayes left a record of keen sensitivity to 

7 The reader is referred to Fig. 2-8 of Chapter 2, which indicates the place of the 
"Electrical Department" under Campbell in Hayes' overall organization as of January 
1905 when Hayes became Chief Engineer. The following year, Jewett took over 
responsibility for this group from Campbell, who preferred to have fewer distrac- 
tions from theoretical matters. 
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scientific advance. For example, in the Boston files we find records of 
additional attempts to carry on voice communication over light beams, 
as had been tried in the late 1880s in the Photophone experiments of 
Bell; in particular, an improvement 8 was worked out in 1897 using an 
arc as a light source and modulating it with the voice electrically. The 
files also contain records of diligent pursuit of methods for amplifying 
voice signals over wires, despite the spectacular advance made pos- 
sible by Campbell's invention of loading, which for many years held 
center stage in the effort to extend the length of lines. Campbell him- 
self considered negative resistances, such as might be afforded by 
arcs, for offsetting the effect of line resistance. Observing the funda- 
mental weakness in the acoustomechanical approach that produced the 
earliest repeaters or "telephone relays," he concluded 9 that "the high 
speed of electrons in cathode tubes seemed . . . to be the solution for 
high fidelity amplification. I felt the need of experimental trial of such 
tubes. A laboratory room was assigned to me in the remodeled build- 
ing at the back of 125 Milk Street, Boston. Before anything could be done 
there, we were transferred to New York, and I was among the dozen 
men who were crowded into Mr. Carty's old office on Dey Street. This 
delayed the work on the electronic repeater." 

It was not to telephone transmission alone that theoreticians were 
being asked to make their contributions. Problems of administering the 
plant and the growing forces of operators began to engage the attention 
of the mathematically trained at an early date. Prominent among these 
were the relationships between average telephone traffic loads during 
the busy hour and those peak loads that could occur over short intervals 
during the hour. It was soon apparent, as the business grew, that 
empirically determined relationships were not good enough to form 
a basis for assigning operators, or for design of the "trunk" plant; 
deeper understanding of the nature of call fluctuations would be 
necessary. As early as 1898, G. T. Blood, whose name appears in con- 
nection with "Toll Traffic Studies" on the 1895 organization chart of 
American Bell (see Fig. 2-7 of Chapter 2), found a close agreement be- 
tween the terms of a binomial expansion and the observations made on 
distribution of busy calls. The following year, M. C. Rorty, a young 
Cornell engineering graduate who had been brought in from the New 
York Telephone Company through the personal intervention of Ham- 
mond Hayes, became interested in the possibility of describing call 
fluctuations by means of probability theory. In 1903, Rorty composed a 
paper entitled "Application of the Theory of Probability to Traffic 

8 H. V. Hayes and E. R. Cram; U.S. Patent No. 654,630; filed June 7, 1897; 
issued July 31, 1900. 

9 From attachment to a letter written by Campbell, after his retirement, to L. Espenschied. 
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Problems” — a paper that he later presented before the AIEE and that 
generated wide interest throughout the industry. 

There had been skepticism, understandable for that time, that people's 
social habits could be predicted by any kind of theory. "The belief 
is common,” wrote Rorty, "that, at the point where the human element 
enters a proposition, all recognized rules cease to hold.” It was much to 
the credit of Rorty, and of the stimulating environment provided by the 
Hayes organization, that where humanity in the aggregate is involved, 
the applicability of a mathematical approach could indeed be demon- 
strated. But it was a self-educated young circuit engineer and mathe- 
matics student in the Campbell group, E. C. Molina, who became most 
interested in the telephone traffic problem upon learning of Rorty's 
work. Molina's contributions to the switching and trunking art over 
many years have been detailed in Chapter 6. It was the stimulating milieu 
of the Boston laboratory that kindled the interest of this major con- 
tributor in fields in which he possessed extraordinary talent. 

Several years later, in 1907 (the year that Hayes retired), general 
financial panic descended, in which the Bell System inevitably shared 
in general business retrenchment. Since such crises are generally 
characterized by cutbacks in forward-looking industrial developments, 
the atmosphere was a discouraging one for scientists and engineers; 
and for the Boston staff of AT&TCo it was especially so, for Theodore 
Vail, returning to the presidency of AT&TCo, decreed as a part of his 
drastic reorganization plans that the Engineering Department should 
move to New York City. Even such a stalwart as Jewett, with his bright 
prospects for the future, briefly felt the temptation to resume the aca- 
demic career broken three years before. Nevertheless, the outstanding 
men with fundamental research capabilities, with the exception of 
Hayes, 10 made the move from the Boston establishment and were 
ready to resume work as business confidence improved and prospects 
brightened for fruitful application of their ideas. 

Such applications were not long in coming. The new Chief Engineer 
of AT&TCo appointed by Vail was J. J. Carty, a man whose vision 
and appreciation for scientific research in industry we noted earlier. 
Carty and Jewett, with the encouragement of Vail, saw the long-distance 
transmission problem as Hayes had seen it, namely, the system's most 
pressing technical challenge. It was clear, looking ahead to the westward 
extension of the New York- Chicago circuit as already contemplated, 
that Denver would be the end of the line, for at any greater distance the 
inexorable toll taken by ohmic attenuation would be far too great for 

10 The reader is referred to Proc. IRE, April 1948, where Edward Lindley Bowles, 
in a tribute to Hayes, discusses the conflict of views between Hayes and Vail that 
led to the termination of the former's service. 
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any practical size of conductors to overcome, even with loading pushed 
to the limit. Thus, beyond the necessity for continual engineering 
improvement, there was no question about the need for a scientific 
breakthrough, and the need to marshal the necessary talent for its 
accomplishment. 

We have already seen (in Section 4.2.2 of Chapter 4 and Section VII of 
Chapter 8) how the enlistment of physicist H. D. Arnold — with 
the timely demonstration of de Forest's three-element tube the follow- 
ing year to Arnold and his superiors — unleashed a concerted drive in 
the Bell quarters to capitalize on the extraordinary versatility of this 
new component. Early in 1911, the formal establishment of a Research 
Branch, headed by Colpitts, in the Engineering Department of Western 
Electric had ensured that work of a fundamental character would receive 
the management's full support. Thus, 50 years later 11 it could be said that 
"The preeminent discovery of the twentieth century is the power of 
organized scientific research." 

The invention and perfection of the vacuum tube must be granted 
undisputed claim as the key to unlimited long-distance telephony. 
Yet major problems of the Bell System would have been left unsolved 
but for new fundamental understandings in communication theory 
reached in those same early years of the century. We will discuss those 
that were most important. 

Of great conceptual and practical significance was the understanding 
of the "band" nature of signals, whereby any translation or displacement 
of telephone or other signals in frequency, for multiplexing, radio 
transmission, or other purposes, must necessarily provide a certain 
width of band for their accommodation. People had not been thinking 
explicitly in such terms. Indeed, if one were to define the "frequency" 
of an oscillation, e.g., a carrier wave, as the number of regularly-spaced 
axis crossings per second, it would not be expected (nor was it supposed 
by many) that modulation of the amplitude alone would be reflected in 
any way in the frequency spectrum. Even John Stone Stone (then no 
longer with the Bell System) held this view as late as 1912. 12 

In the minds of Campbell and Colpitts, however, there was no such 
naive assumption. An old phenomenon in acoustical physics was the 
combining of two waves in a non-linear element to produce sum and dif- 
ference waves, and there appears to have been a certain carry-over of 

11 "The World's Greatest Industrial Laboratory," Fortune , November- December 1958. 

12 Stone's Franklin Institute paper in October of that year, entitled "The Prac- 
tical Aspects of the Propagation of High-Frequency Electric Waves Along Wires," 
advocating carrier multiplex, made the claim that while attenuation, because of the higher 
frequencies required, would necessarily be greater than with straight voice transmission, 
the usual distortion would be eliminated. "There is, in fact," the paper reads, "in the trans- 
mission of a given message, but a single frequency of current involved, and therefore 
no unequal attenuation of components of different frequencies and no distortion." 
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that knowledge as they contemplated electric wave modulation, tacitly 
assuming the existence of a band of frequencies even though the 
spectral structure was not completely visualized. 

Further evidence of Campbell's awareness of the "band” nature of 
signals is seen in the wave filter, invented by him in 1909, stemming 
from his studies on loaded lines and constituting an achievement of 
greatest fundamental importance to the art. Campbell's report 13 to Carty, 
dated March 7, 1910, gave drawings and characteristic curves not only 
for low-pass and high -pass filters, but for band-pass filters as well. 
Thus, from the earliest work in the Western Electric Engineering Depart- 
ment and AT&TCo on the twin developments of radiotelephony and 
high-frequency wire multiplex, the maturing theory of the transmis- 
sion band played a dominant role. By the summer of 1915, both H. D. 
Arnold and a young mathematician from Princeton, J. R. Carson, re- 
cruited in 1914, had come to recognize that one sideband alone sufficed 
to convey the information in the signal and had thought, independently, 
of eliminating the other sideband. Carson proposed suppressing the 
carrier as well. Thus was bom single sideband, the priority for which 
went to Carson. 

The penetrating power of Carson's and Campbell's mathematical ap- 
proach illuminated many investigations 14 during the early decades of this 
century. It was a time when the intuition of the electrical engineer 
needed support from the rigorous analysis of the professional mathe- 
matician; and the collaborative setup between Colpitts' Research Branch 
and the analytical group under Campbell at AT&TCo provided this sup- 
port. In retrospect, one can see, as a product of that period, the develop- 
ment of basic principles and a method of analysis that would be univer- 
sally adopted for communications research. 

Heaviside's studies in the 1880s had been carried out against a back- 
ground of 30 years of telegraphy, during which a fundamental objective 
was the preservation of the identity of telegraphic impulses as they 
traversed the medium . It was natural, therefore, that his approach should 
include a special concern for the transient, or starting-and-stopping, 
aspect of the received impulse or signal. Moreover, experimental work of 
that time, such as the investigations by Professor David Hughes in 
England on "skin effect" in ferrous and non-ferrous conductors, made 
use of an interrupted or "square wave" current, and the Heaviside 


13 Cited in a communication from L. Espenschied to IEEE SPECTRUM on the 
electric wave filter: August 1966, p. 162. 

14 An example we shall not be pursuing further, but outstandingly clear-cut, was 
Carson's analysis of modulation theory, published in 1922, which exposed the funda- 
mental fallacy in certain proposals, ingenious and superficially plausible, for further 
economizing in band requirements by modulating the frequency (instead of the ampli- 
tude) by small amounts. 
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analysis had to seek reconciliation with the hard-to-interpret findings. 
Thus was Heaviside led to the concept of "indicial admittance,” i.e., 
the response (as a function of time) at any point in a circuit or transmis- 
sion line, previously in equilibrium, when a sudden unit increment 
in potential is applied at the sending point. Determining the indicial ad- 
mittance from the differential equations was the essence of the problem; 
for, with this factor known through integration, the response to any 
arbitrary signal could be determined by considering the signal as a 
series of such increments, of appropriate amplitudes, closely spaced in 
time. In the limit, then, the response would be found from the solution 
to an integral equation. 

Heaviside, however, had broken with classical methods and chosen a 
shorthand or symbolic procedure in which the differential operator 
dldt was replaced by the symbol p and the operation Jdt by 1 Ip. This 
reduced the differential equations to a form that was algebraic and 
therefore superficially simple, known as the Heaviside operational equa- 
tions. Heaviside's methods, though potentially of wide applicability 
in electric circuit theory, were used by only a few specialists; the 
neglect, according to Carson when he analyzed 15 the Operational Cal- 
culus many years later, being due "less to the intrinsic difficulties of the 
subject than to unfortunate obscurities in Heaviside's own presentation." 

Even the classical approach, however, involving the solution of in- 
tegral equations as indicated above, could have presented formidable 
difficulties in the solution of communication engineering problems for 
those who were not professional mathematicians. But fortunately, be- 
ginning in the 1890s, an alternative to this "transient" method of attack, 
known as the steady-state approach, was promulgated in industrial and 
academic circles and became part of the training of all electrical en- 
gineers. The field of alternating-current power, which was advancing 
rapidly at that time, was inherently characterized by a constant-ampli- 
tude, constant-frequency view of electrical oscillations. Yet it could be 
seen that even the complex and transitory sounds of speech, in the light 
of Fourier analysis, were representable to a high degree of accuracy by 
including a sufficiently large number of sinusoidal components. Thus 
the mathematical treatment of telephone transmission networks lent 
itself to the same methods that were being popularized at that time, 
primarily for use in the power field, by C. P. Steinmetz of the General 
Electric Company and by A. E. Kennelly of Harvard University. Ken- 
nelly in particular, many of whose papers appeared in the Transactions 
of the AIEE and in the Harvard Engineering Journal in the mid-1890s, 
focused much light on the evolving concepts of reactance and im- 


15 J. R. Carson, Electric Circuit Theory and the Operational Calculus, McGraw-Hill, 1926. 
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pedance; on the use of complex algebra to represent orthogonal quanti- 
ties in a single two-dimensional equation; on the use of the exponential 
function e ix as the equivalent of the complex quantity (cos x + j sin x ); 
and on the applicability of hyperbolic functions to network and transmis- 
sion line problems, especially where waves were reflected at a terminal. 16 

To mathematicians endowed with the insights of Campbell and 
Carson, the transient and steady-state approaches to circuit theory 
were merely different aspects of the same thing; and to Bell System 
engineers concerned with telegraphy and later telephotography, where 
preservation of wave shape was important, an understanding of solu- 
tions based on the Fourier Integral, as well as the Fourier Series, was 
necessary. Still more relevant and useful was the transient approach to 
come with the development of television and digital or pulse trans- 
mission. But in the telephone transmission research of the 1910s and 
1920s, the steady-state method held dominance and was the founda- 
tion for most of the development of network theory in that period. 

Especially noteworthy, and introducing a powerful approach to cir- 
cuits generally, was the Campbell AIEE paper of 1911, entitled "Cisoidal 
Oscillations,” in which the author employed the expression cis pt to 
represent (cos pt + i sin pt), or alternately e ipt , and argued for the 
representation of signals by pairs of cisoidal oscillations having positive 
and negative frequencies, i.e., having the time factors +pt and —pt. 
Characterizing all of Campbell's work was an adherence to mathematical 
rigor and a disparagement of what he considered loose practices, 
such as the use by engineers of j rather than i as the imaginary coefficient, 
and the use of the term "vector” for quantities inherently scalar 
but represented on a two-dimensional graph. If Campbell's uncom- 
promising rigor gave his papers an hauteur or loftiness possibly dis- 
couraging to those brought up on more rudimentary concepts, his 
clear mastery of the subject inspired many to work more diligently on 
deepening their own understanding. It is the observation of the present 
authors, historically, that those with extraordinary genius and insight 
must operate at their own levels, while colleagues assume responsi- 
bility for interpretation and dissemination when necessary. It therefore 
becomes doubly laudable when outstanding theoreticians are led by 
practical urgencies to engage, for a time, in the less esoteric phases 
of a project, as did Campbell in the early proving-in period of inductive 

16 Hyperbolic functions are characterized by the combination of a term of the 
form e~ ax (where a is a complex attenuation factor and x is a distance), plus a term 
of the form e ax , the latter representing a backward-moving wave, similarly attenuated, 
from a reflecting terminal. Similar expressions had appeared in the equations of 
Fourier (1822), describing the flow of heat along a bar of finite length, and in the equations 
of Lagrange (1759), describing motion of elastic waves along a loaded string. 
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loading. Yet this is a process that has repeated itself continually in 
science and technology, and it is a part of the genius of enlightened 
research management that it can bring this about. 

Before the advent of telephone amplifiers, there was little interest 
in devising electrical networks for reducing distortion in the transmis- 
sion of speech. The major problem in transmission was to conserve 
speech power. The mere correction of defects by circuits that could only 
absorb power was not an objective of high priority, much as these defects 
were deplored. 17 

Once the telephone circuit was freed from energy limitations by the 
availability of the vacuum tube repeater, it was immediately possible 
to invoke techniques for equalization, whereby versatile combinations 
of resistances and reactances could be devised for making the trans- 
mission uniform over the frequency range. An even more urgent need 
for frequency-dependent networks, however, arose in connection with 
the repeater itself, particularly in the case of two-way repeaters; for, 
as has been discussed in Section 4.2.4 of Chapter 4, it was essential to 
balance impedances quite accurately to have stability and adequate re- 
peater gain. To simulate or balance the impedance of a loaded line over 
the voice-frequency range was a challenging problem, especially since 
the line could commence at an arbitrary point with respect to the load- 
ing coil locations. This problem was solved by R. S. Hoyt, who had 
entered the Bell System in 1912 from Princeton, as did J. R. Carson two 
years later. Hoyt's important patent, 18 applied for in 1913, demonstrates 
the proficiency in mathematical treatment of electrical circuits which 
would soon have to become a part of the analytical equipment of all 
communication engineers. 

Starting with a formula Campbell had given 19 ten years earlier for the 
“mid-load'' impedance of a long periodically loaded line, Hoyt derived 
in his patent, using complex quantities, an expression for the resistance 
and reactance of such a line, as functions of frequency, when entered at 
any point in a section. Figure 10-6 is a graph from his patent, showing 
how the resistive component of this impedance would vary with fre- 
quency for various points of connection. Connection in the vicinity of 
the point 0.2 (one-fifth of a loading section) results in a nearly constant 
resistance up to 85 percent of the critical frequency. Hoyt was then able 
to show that the complex impedance of the line at this point could be 

17 The Campbell paper, “Telephonic Intelligibility" ( Philosophical Magazine, January 
1910), describes elaborate statistical tests made to determine the degree to which 
familiarity with the speaker's voice, and with the context, aided in distinguishing 
sounds that would otherwise be confused. More will be said on this subject in Sec- 
tion m of this chapter. 

18 R. S. Hoyt; U.S. Patent No. 1,124,904; filed April 30, 1913; issued January 12, 1915. 

19 "Loaded Lines in Telephone Transmission," Philosophical Magazine, March 
1903, Equation 19. 
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Fig. 10-6. A graph from R. S. Hoyt's 1915 Artificial Line patent, showing the 
variation in the resistive component of the impedance of a loaded transmission 
line (iv being the ratio of frequency to the critical frequency of the loaded line) 
for various points of entrance, i.e., fractions of a loading section. (Redrawn from 
R. S. Hoyt, 1915, U. S. Patent No. 1,124,904) 



Fig. 10-7. Simulation of the loaded line, (a) for connection at 0.2-section, and 
(b) for connection at any other point. (Redrawn from R. S. Hoyt, 1915, U. S. Patent 
No. 1,124,904) 
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simulated (i.e., balanced) with fair precision by means of the simple cir- 
cuit shown in Fig. 10-7a, in which an anti-resonant circuit is added in 
series with the resistance to give the required reactance; and that by 
the addition of a simple three-element artificial line section (as shown 
in Fig. 10-7b) to “build out" the network, the impedance for fractional 
lengths other than one-fifth of a loading section could also be simulated. 

Hoyt's balancing networks, together with simple types of Campbell 
wave filters for excluding frequencies outside the range of balance, 
were essential to the successful operation of the first transcontinental 
line in 1915, as related in Section 4.2.3 of Chapter 4. Three years later, 
when the first carrier system was installed, band-pass filters were em- 
ployed to separate the four channels; and at about the same time, the 
first attenuation equalizer was used, consisting of a resistance-reactance 
network across the line. Thus the frequency-dependent network in 
various forms was on its way to very widespread use, and the time had 
come for a thorough theoretical study of its properties and applications. 
To this task O. J. Zobel was assigned when he entered the Engineering 
Department of AT&TCo in 1916 with a doctorate from the University 
of Wisconsin. 

Zobel's achievements in establishing an art of filter design demon- 
strated an apt combination of mathematical skill and engineering in- 
sight. The Campbell approach had treated filter sections as elements in 
a series of the same type, terminated in what Campbell called their 
“iterative" 20 impedance, the attenuation of each section being readily 
computed as a function of the ratio of its series to shunt impedances. 
But since the iterative impedance varied with frequency, typically (in 
the absence of dissipation) going to zero or becoming infinite at the 
cutoff frequency, the actual termination was ordinarily much different, 
and a “reflection factor" and “interaction factor" had to be introduced 
to permit accurate computation of actual loss and phase shift through 
the filter. Another innovation, with the introduction by Zobel of “com- 
posite" filters containing unsymmetrical sections or half-sections of 
various types, was the term “image impedance" where “iterative imped- 
ance" would not be properly descriptive because of dissymmetry between 
the two ends. Accompanying this new term was the term “image transfer 
constant" defining (by its real and imaginary parts) the loss and phase 
shift of the network when connected between its image impedances. 

One of Zobel's most notable achievements was his invention in 1920 
of the "m -derived" type of filter. Most of Campbell's filters had been 
of the type known as “constant k," i.e., the product of the impedances 


20 "Iterative impedance," "characteristic impedance," and "surge impedance" 
were interchangeable terms applied by early investigators to the input impedance of 
an infinitely long and therefore reflectionless transmission line or series of artificial 
line sections. 
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of the series and shunt elements of a section (e.g., the series inductances 
and the shunt condenser of a low-pass T section) was a constant, k 2 , 
independent of frequency. Similarly, a constant k band-pass filter 
might include resonant circuits in the series arms and anti-resonant 
circuits in the shunt arms. Such filters, considered as "prototypes” from 
which more complex structures were to be "derived," left much to be 
desired in steepness of cutoff, especially looking to multichannel sys- 
tems where conservation of frequency space was important. Moreover, 
the image or iterative impedance of a constant k section was far from 
constant over the pass band, leading to difficulty in properly terminating 
the section. Zobel, striving to extend network theory in directions that 
would aid filter designers, made the remarkable discovery that certain 
modifications of the prototype, including a resonant or anti-resonant 
circuit, introduced to give a peak of attenuation at a frequency outside 
the pass band and thus substantially increasing the steepness of cutoff, 
could be so chosen with respect to a parameter m — less than unity but 
otherwise arbitrary — as to leave the image impedance of a section the 
same as that of the prototype at all frequencies. Figure 10-8 shows how 
the parameter m is used in deriving such a section from its prototype in 
the case of a T-section low-pass filter. The relationship between the 
parameter m and the ratio of the frequency of the attenuation peak to the 
cutoff frequency is given by: 

fjfc = 1/ V 1 - m 2 - 

The identity of image impedances just mentioned permits use of a 
number of sections or half-sections in cascade, having different values 
of m, and including sections or half-sections of the prototype. These 
constitute a "composite" filter with matched (reflectionless) junctions 
throughout, so that the image transfer constants are directly additive to 
give the required total attenuation over the band to be rejected. 

Zobel made the further highly valuable discovery that by terminating 
such a filter in an appropriate m -derived half- section, using a value 
form of 0.6 (giving, in the low-pass case, an fjf c of 1.25), its image im- 
pedance at either or both ends could be made remarkably constant over 
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Fig. 10-8. O. ]. Zobel's invention (1920): the m -derived wave filter. 
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most of the pass band. This minimized reflection losses when introduced 
between constant resistance terminations and greatly increased the 
confidence with which the filter's performance could be predicted 
when inserted in a system. 

It was characteristic of Zobel, in these pioneering developments in 
transmission network theory, that he paid meticulous attention to the 
preservation of matched image impedances so that reflection and inter- 
action effects could be minimized, and he extended these principles to 
equalizer theory as the art advanced and transmission requirements 
became more severe. 21 The early development of equalizer theory was 
largely the work of Zobel and R. S. Hoyt, whose work on balancing net- 
works we have already discussed. Hoyt's equalizers were in the form of 
two-terminal networks connected either in series or, more often, in 
shunt with the line, and because of their simplicity were widely used. 
Hoyt's 1918 patent application 22 included the mathematical theory of 
both series and shunt two-terminal networks as loss equalizers. 

The Zobel constant-resistance network approach, on the other hand, 
is exemplified in Fig. 10-9 where, if Z, and Z 2 are two "inverse” 
impedances, i.e., impedances having a constant product equal to R 2 , 
and the network is terminated in a load resistance equal to R, the input 
impedance will likewise be R, independent of frequency. The desired 
variation of loss with frequency is obtained simply by relating Z j (and 
thus necessarily Z 2 ) appropriately to R, the loss curves appearing as 
circles with these coordinates. Thus, as would not be the case with one 
of Hoyt's two-terminal equalizers, large variations in loss could be 
introduced without reflections, and any desired number of sections 
could be cascaded with results that were simply additive. 

Proceeding in the late 1920s with further refinements in filter and 
equalizer theory, Zobel (still at AT&TCo after the formation of Bell 
Telephone Laboratories) applied himself likewise to phase equalizers. 
Interest in the phase characteristic of filters and networks came from 

21 In the early 1920s, with the advent of radio broadcasting, the demand for 
maximum flatness of frequency response in cable circuits was an added incentive. 

22 R. S. Hoyt; U.S. Patent No. 1,453,980; filed June 29, 1918; issued May 1, 1923. 
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Fig. 10-9. Example of constant-resistance type of loss equalizer, where Z Y Z 2 = R 2 
The attenuation is expressible very simply in terms of ZJR or RIZ 2 . 
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Fig. 10-10. Example of (a) lattice-type phase equalizer, and (b) an equivalent 
network of the unbalanced or bridged-T type. The latter is sometimes not physi- 
cally realizable (because of negative values) without using mutual inductance. 


increasing appreciation of its effect on the transient response, as in 
telegraph transmission over cables and the transmission of visual-type 
signals. A phase curve increasing as a linear function of frequency had 

no effect on the transient except to delay it by a time equal to dBId o>, 
where B was the phase in radians and (o was 2rr times the frequency 
characterizing the "bundle" or spurt of waves composing the tran- 
sient. Deviations of dBId <o from a reference delay were referred to as 
delay distortion. 

It is intuitively apparent that an all-pass lattice-type 23 network, 
exemplified by Fig. 10-10, would be a basic network for introducing 
delay. With two of the arms arranged to be the inverse of the other 
two, and with the product a constant equal to the square of the 
terminating resistance R, the lattice exhibits a constant image 
impedance R and a phase shift which varies from 0 to 360 degrees, 
i.e., the network changes gradually with frequency from a direct 
connection to (in effect) a reversing switch, then continues to shift 
phase and ultimately becomes a direct connection again. 

Many design charts were plotted for the use of circuit engineers, 
showing delay or phase shift in terms of other parameters, both for 
lattice networks and for other types. Preparation of such charts and 
methods of computation for filters and other networks by Zobel and 
his colleagues had been a contribution of the utmost importance. It 
illustrates one of the responsibilities of fundamental research beyond 
the discovery and exploration of new ground, i.e., the systematization 
of knowledge in a form that is quickly usable by those responsible for 


23 The lattice is the most general of the network types because of the additional 
“handle" on the signal afforded by the diagonal branches; but, as a filter, the lattice 
was not widely used (until the advent of the balanced piezoelectric crystal filter in 
the 1930s) because a higher degree of precision was required in the element values. 
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its repeated application in design. More than this, the leaders in these 
advances not only published their findings in the technical and 
scientific journals but also lectured at the universities 24 to stimulate 
interest in the field; for it was a time when, as expressed by T. E. 
Shea, "the various dynamic sciences, which had rapidly grown in 
scope under the influence of Maxwell, Helmholtz and others, having 
been for a time pent up, were fairly bursting in their eagerness to spill 
over into the communication field innumerable facts capable of being 
put to great practical use." 

Among the contributors to this systematized knowledge was E. L. 
Norton, whose network theorem has been mentioned earlier. Norton 
entered Western's Engineering Department from M.I.T. in 1922. A 
major specific contribution of his was the invention of impedance 
transformation in band-pass filters (patent applications dated 1924 and 
1925), used in some cases to eliminate the need for an actual 
transformer but more often as an internal impedance change within a 
network to give more practicable values for some of the elements or 
even to eliminate them entirely. 

The few examples we have given of developments in network theory 
illustrate how the urgent needs of a technologically based industry can 
spur rapid scientific advance when trained minds are enlisted and 
provided with appropriate inspiration. And any who in the mid-1920s 
may have felt that all of the facts concerning networks were known 
were to find new challenges on the immediate horizon; for the 
invention of negative feedback by H. S. Black in 1927 was to impose 
drastically more severe requirements on the phase and loss characteris- 
tics of networks, and would require new understandings of the 
stability of dynamic systems. To these understandings, H. Nyquist and 
H. W. Bode, stimulated by the atmosphere we have described, would be 
the outstanding contributors. Of Nyquist, a native of Sweden, whose 
career at AT&TCo had begun in 1917 when he received his doctorate 
from Yale, we shall say more in the next few pages. 

Also participating in the lively extension of knowledge in signal and 
circuit theory was Pierre Mertz, a Cornell graduate and an associate of 
Nyquist in the theory of telegraphic types of signals. It was Mertz 
whose quantitative analysis of visual signal transmission in 1921 gave 

24 The classic texts. Transmission Circuits for Telephonic Communication (K. S. Johnson, 
1924) and Transmission Networks and Wave Filters (T. E. Shea, 1929), were prepared 
from notes of lectures given not only within the Bell System, but at Harvard and 
M.I.T., of which the respective authors were graduates. These texts have been used 
worldwide. Similarly, J. R. Carson's book (1926) Electric Circuit Theory and the Opera- 
tional Calculus embodies lecture material delivered at the Moore School of Electrical 
Engineering, University of Pennsylvania. These texts include references to other 
papers on circuit theory by authors in the Bell System and elsewhere, including 
important contributions by the German electrical engineer K. W. Wagner. 
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the first indication of the very wide frequency bands that would be 
required to accommodate motion. In a less inspiring environment, the 
disclosure could have discouraged Bell System entry into television 
transmission; yet by 1925, the first year of operation of the new Bell 
Telephone Laboratories, research on television was in full swing, 
leading to successful transmissions by wire and radio soon afterward, 
as described in Section 9.8 of Chapter 7. Toward the end of the present 
section, we shall touch again upon the research aspects of television. 

The problem of minimizing bandwidth requirements is one we have 
been touching upon repeatedly, since frequency is one of the most 
fundamental parameters in communication; and we have cited 
particularly the contributions of Campbell and Carson to frequency 
conservation. In the mid- 1920s, R. V. L. Hartley, a University of Utah 
graduate and a Rhodes scholar, already well known for his vacuum 
tube circuit inventions in the research group of Western Electric's 
Engineering Department (particularly for the oscillator bearing his 
name), studied the basic relationship between width of frequency 
band and the capacity of a system to transmit "information." His work 
followed mathematical studies by Nyquist at AT&TCo concerning the 
maximum number of symbols that could be transmitted in a given 
frequency band. Hartley's results, published 25 before the end of this 
fast-moving decade, were to be guiding rules for transmission 
engineers for nearly 20 years, giving way to a more comprehensive 
theory only when C. E. Shannon (Bell Telephone Laboratories, 1948) 
would carefully examine the effect of noise on the ability of a system to 
preserve faithful indications of amplitude. 

Thus, Nyquist's and Hartley's studies related to a hypothetical 
noise-free medium, though electrical noise and interference from 
diverse causes had plagued telephone development from the begin- 
ning. In Chapter 4 we recorded the long and difficult program of 
interference prevention in telephone transmission, from the earliest 
steps of employing balanced pairs of wires and transpositions to the 
systemwide collaboration with other electrical industries. The vacuum 
tube repeater, boon though it was in periodically boosting the signal 
level along the line to preserve necessary margins against interference, 
generated noises of its own with which the early vacuum tube workers 
at Western Electric had to struggle. 

Similar problems, including cathode instability, inadequate pump- 
ing, mechanical resonances, and poor welds, must have beset the tube 
developers in other countries in the years of World War I; but in a few 

25 R. V. L. Hartley, "Transmission of Information," Bell System Technical /., July 
1928. Note also Nyquist's papers, "Certain Factors Affecting Telegraph Speed," 
Bell System Technical /. , April 1924, and "Certain Topics in Telegraph Transmission 
Theory," Trans. AIEE, 1928. 
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laboratories, these difficulties did not deter scientists who wanted to 
know what the ultimate electrical noise level in an amplifier might be 
when the grosser current fluctuations from faulty tube construction 
could be eliminated. It was J. B. Johnson, a native of Sweden as was 
Nyquist, and with a doctorate in physics from Yale, who sought these 
answers in the Engineering Department of Western Electric. 

The classical paper on noise in amplifiers had been written in 1918 
by W. Schottky of the Siemens and Halske firm in Germany. More 
than 50 years later 26 Johnson was to observe, in retrospect, how 
remarkable it was that out of the Germany of those years, faced with 
military defeat and economic collapse, there could come a scientific 
paper of the quality and technical importance of that paper of Schottky's . 

Schottky concluded that an amplifier would have two sources of 
noise of a fundamental nature, perhaps irreducible. One, which he 
called the Warmeeffekt , or thermal noise, would arise in the input 
circuit and would be produced by the random flow of charges in the 
conductors in response to the heat motion of their molecules. It would 
involve the Boltzmann constant k, a universal constant of physics, 
times the absolute temperature of the system; and the fluctuating 
voltage corresponding to this noise, being applied to the input 
electrode of the tube, would cause the noise to appear at the output 
terminal in amplified form. The other fundamental source of noise, 
called Schroteffekt or shot effect, would be internal to the tube and 
would result from the randomness of electron emission, and emission 
velocity, from the cathode. This effect was calculable by statistical 
theory, and it was first experimentally identified and measured in 
Schottky's laboratory. 

It was Schottky's view that shot noise would be much stronger than 
thermal noise, and the efforts of Johnson and colleagues at Western 
Electric, as well as investigations at the General Electric Company and 
elsewhere, were concentrated for some time on the former effect. An 
important 1925 paper 27 by Johnson, however, included a set of 
observations that we here reproduce as Fig. 10-11. As Johnson studied 
these data afterward, his special interest was aroused by the fact that 
the quietest tubes (those represented along the sloping line at the left) 
showed a noise level proportional to their amplification, suggesting 
that the effect of shot noise in those samples was being masked by the 
thermal noise in the input circuit, the latter being then amplified by 
the tube. Thus, the Warmeeffekt had been tentatively identified, and 
its identity was verified by subsequent tests in which the temperature, 
value, composition, etc., of the input resistor were varied. Johnson's 

26 "Electronic Noise: The First Two Decades," IEEE Spectrum, February 1971. 

27 Phys. Rev. , 1925. 
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NOISE 

Fig. 10-11. The first experimental evidence of thermal or "Johnson" noise. Each 
point represents a vacuum tube under test. The sloping line at left shows that the 
"quietest" tubes had a noise output proportional to amplification and therefore 
presumably arising in the input circuit. (Redrawn from J. B. Johnson, 1925) 


associate, Nyquist, then proceeded to analyze the effect mathemati- 
cally from thermodynamic considerations, coming up with a formula- 
tion for thermal noise per unit of bandwidth of 4 kT watts, where k is 
Boltzmann's constant and T the absolute temperature. 

Johnson's discovery and Nyquist's formulation, published in com- 
panion papers, 28 are an outstanding example of the scientific method: 
painstaking, orderly experimentation joined with insight and careful 
theoretical analysis. Coming during the formative years of Bell 
Laboratories, the achievement reinforced industry's growing apprecia- 
tion of the role of research — for here was being uncovered a 
fundamental physical phenomenon whose application would prove to 
be an engineering milestone as well. 

The study of electronic noise was to continue throughout sub- 
sequent decades. At Bell Laboratories, F. B. Llewellyn and others were 

28 Phys. Rev., 1928, pp. 97-109 (Johnson) and 110-113 (Nyquist). Johnson had also 
published (in 1927) short notes in Nature (January) and in Phys. Rev. (February). 
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to be major contributors in this field, both in experiment and in 
mathematical theory. Johnson had, himself, uncovered several sources 
of noise within the tube. Shot noise, in particular, was greatly 
dependent on such factors as cathode design and material and the 
nature of the electron flow, whether emission-limited or space- 
charge-limited; and various strategems were to be devised, beyond 
our present scope, to bring circuit noise as close as possible to thermal 
or “Johnson" noise — even, 30 years later, to circumvent this seem- 
ingly ultimate limitation. The latter accomplishment was to depend on 
new concepts of the 1930s and 1940s whereby economy in width of 
frequency band could be sacrificed for noise immunity — an exchange 
whose ultimate profitability could scarcely be envisioned in the 
frequency-starved years that had preceded. 

Accordingly, before concluding our present section on research 
related to transmission, we shall devote a few pages to the new vistas 
in transmission that unfolded as the frequency spectrum widened. In 
particular, we emphasize radio; for, as the growing research staff that 

included Colpitts, Hartley, R. A. Heising (an electrical engineer coming 
in 1914 from the Universities of North Dakota and Wisconsin), and H. 
J. van der Bijl (coming in 1913 from the University of Chicago, a native 
of South Africa but with a doctorate from Leipzig) created the first 
oscillators and modulators for wire carrier systems, they were 
envisioning transmission in free space as well. It was apparent to them 
that any extensions they could make in the frequency range of their 
circuits would give not only more radiotelephone channel capacity but 
also more efficient "coupling" (by way of the antennas) to the new 
medium. It was even possible, looking ahead, to envision wavelengths 
sufficiently short so that the dimensions of an antenna, or an array 29 of 
antennas, might encompass a number of wavelengths and, by the laws 
of geometrical optics, focus the radiation in chosen directions (as had 
already been demonstrated by Hertz) or might similarly receive 
radiation from selected directions. It was, therefore, not beyond the 
imagination of these pioneers that the human voice, even though 
unguided by wires or other physical boundaries, might still be 
projected and received on radio waves in a directional manner, 
thereby conserving both power and frequency space and suppressing 
interference. 

Thus, research in radiotelephony was particularly rich in the leaven 
of ideas which engendered it, and likewise was to prove rich in the 
analyses and reductions to measurement that would open the way to 

29 G. A. Campbell's 1919 patent application (U.S. Patent No. 1,738,522 issued in 
1929) contains a theoretical discussion of antenna arrays, illustrating how far advanced 
was the mathematical thinking on this possibility. Later, Campbell's associate, R. M. 
Foster, collaborated in the mathematical aspects of an exhaustive theoretical study 
of three-dimensional arrays by G. C. Southworth. 
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design and planning of systems. These relationships were well 
brought out, in retrospect, in a review paper 30 by Espenschied in 1937, 
from which we reproduce here, as Fig. 10-12, a flow -of- the- art 
diagram for radiotelephony. 

Most difficult of all radio problems to understand and deal with, 
however, was wave propagation over the earth's surface and through 
that complex medium already encountered by the wireless tele- 
graphers, i.e., the combination of the atmosphere itself and the 
reflecting-absorbing ionic layer suggested independently by Kennelly 
and Heaviside in 1902. 

The equations of Maxwell had lent themselves readily to solution 
under simple boundary conditions where the geometry and electrical 
properties of the boundaries were well defined, as with wires or 
parallel plates of metal or known dielectric. But in the application to 

30 "The Origin and Development of Radiotelephony," presented before the 
Institute of Radio Engineers on May 10, 1937. Published in Proc. IRE (September 1937). 


RADIOTELEGRAPHY PHYSICAL & CHEMICAL SCIENCE TELEPHONE ENGINEERING 

SPARKS, ARCS, ETC. ELECTRONS, THE RMIONICS MICROPHONES 



MOBILE SERVICE 


Fig. 10-12. A diagram of the flow of the art in radiotelephony, many of the ele- 
ments being beneficiaries of progress in fundamental science. (Redrawn from L. 
Espenschied, 1937) 
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communication, diffraction over a curved earth of highly variable 
material had to be dealt with first. Then there was the variation in air 
density (and hence dielectric constant) with altitude, which tended to 
bend the waves 31 somewhat around the earth, but was found to be so 
changeable in character, due to temperature inversions, that waves 
could on occasion be bent away from the earth, or down toward the 
earth, or along the earth's surface in a "duct"-type trajectory. 

Finally, and by far the most frustrating, there was the highly 
complex character of the ionosphere itself. It was not until many years 
later (the late 1920s and early 1930s) that techniques for exploring this 
ionized region began to strip the mystery from its seemingly erratic 
behavior, demonstrating the “layer” to be in reality three or more 
distinct layers, in the sense that a curve of ion density versus height 
displayed several peaks whose location shifted from hour to hour and 
with the seasons, with additional variations from year to year. It was 
already appreciated, from the work of Eccles (1912) and later Larmor 
(1924) in England and other investigators, that the effective dielectric 
constant in an ionized medium could be less than unity because the 
motion of the charged particles — particularly electrons, because of 
their high mobility — would lag the impressed electric field by 90 
degrees, while the normal “displacement” current leads the field by 90 
degrees; thus, a positive or negative gradient in the degree of ioniza- 
tion with height would result in additional downward or upward bend- 
ing of the ray. 

Dating from the time of Marconi's triumphant transmission across 
the ocean (1901), a vast amount of experiment and theory was devoted, 
in both Europe and America, to radio wave propagation. In Chapter 5 
we have recorded many of these findings. To a large extent, as pointed 
out in that chapter, they were more applicable to the needs of 
narrow-band radiotelegraphy than to the far more exacting require- 
ments of radiotelephony, with its need for instant two-way uniform 
transmission over bands that were some kilocycles in width. Thus, the 
Bell System investigators were confronted with radio transmission 
problems of vastly greater difficulty and had to devise methods of 
measurement and analysis 32 all their own. 

31 Much later (1933) a paper by Schelleng, Burrows, and Ferrell of Bell Labora- 
tories showed that this refractive effect, on the average, could be taken into account 
by assuming a fictitious radius of the earth equal to about 4/3 times the actual 
radius. Alternatively stated, the refraction produces in the wave path, on the average, 
a radius of curvature four times that of the earth. 

The records of radio wave propagation research contain many examples of the 
interaction between theory and experiment as these proceed cooperatively, often 
separated in time and distance, each supplying to the other the needed checks or, 
just as often, the challenges requiring a new look. One good example of this was 
the theoretical study in 1909, by Sommerfeld in Germany, of the propagation of a 
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In conformity with the research philosophy preached by Jewett, the 
approach to these complex problems was characterized by a step-by- 
step advance in which, at each stage, the number of variable factors 
was minimized in the interest of reaching a reliable conclusion. An 
essential in such efforts is precision of measurement. One of the 
earliest workers in the carrier-frequency and radio-frequency range, C. 
R. Englund, who was trained at the University of South Dakota and 
the University of Chicago, moved from a teaching career to enter 
Western Electric's Engineering Department in 1914. Englund and his 
associates made many contributions in the high-frequency measure- 
ment field, particularly in establishing the shielded bridge, conceived 
by Campbell 33 ten years earlier, as being far superior to the 
voltmeter- ammeter type of measuring technique used elsewhere. In 
Fig. 10-13 we reproduce one of Campbell's diagrams of a shielded 
bridge — at that time (1904), of course, for audio frequencies only — to 
illustrate the meticulous attention Campbell had paid at that early date 
to the factors concerned with precision of measurement. Campbell had 
gone farther and had shown 34 how distributed capacity and induc- 
tance could affect the measured value of a component, such as a 
resistor, particularly as the frequency increased, and how these effects 
could be compensated for. There was thus in the air around the 
telephone laboratory a passion for accurate measurement and elimina- 
tion of disturbing effects, and as the complex phenomena of radio 
wave propagation came under study, this meticulousness was to serve 
well in the sifting of experimental data for significant conclusions. 

Englund was also an early advocate (1917) of the method of 
measuring the strength of received radio waves wherein an adjustable 
local input is compared with the signal to be measured. He used this 
method, employing a Colpitts-type oscillator as a local signal source, 
on an extended series of observations, beginning in 1921, on the 
signals coming from POZ, the powerful radiotelegraph transmitter at 


wave along the curved interface of two media, such as the imperfectly conducting 
ground and the atmosphere above. A similar study, ten years later (1919), by Weyl, 
also in Germany, led to a different formulation that did not explicitly include a 
type of "surface wave" appearing in Sommerfeld's result. Many years later (1937), 
C. R. Burrows at Bell Laboratories discovered that these two formulations differed 
exactly by the surface wave of Sommerfeld, and in collaboration with his associates 
L. E. Hunt and A. Decino, conducted the crucial experiment that showed that 
Weyl's formulation was correct and that the surface wave of Sommerfeld did not 
exist. Soon afterward, S. O. Rice at Bell Laboratories and K. F. Niessen at Philips 
(Eindhoven) independently found the source of the error in Sommerfeld's work — 
the incorrect choice of the square root of a complex quantity in an intricate mathemati- 
cal derivation. 

33 "The Shielded Balance," Elec. World and Eng . , April 2, 1904. 

34 "Resistance Boxes for Use in Precise Alternating Current Measurements," 
Elec. World and Eng . , October 29, 1904. 


B 



Fig. 10-13. One of G. A. Campbell's bridges or "balances" (at that time for voice frequencies only) showing disposition of both inductive 
and electrostatic shielding, sometimes involving shields within shields. These principles were carried along into the carrier- and radio-frequency 
ranges, where accurate measurement was equally important. (G. A. Campbell, 1904) 


Engineering and Science in the Bell System 




















Spirit of Research 


917 


Nauen, Germany. Englund's paper 35 on this work graphically points 
up the difficulties in such measurements at that early date due to stray 
fields, requiring heavy shielding; frequency instability at the transmit- 
ting station; strong interference from other stations because of close 
frequency spacing; and numerous other obstacles to accurate meas- 
urement. But there was no doubt that very extensive tests of this type, 
covering not months but years, would have to be carried out before 
transatlantic telephony could move ahead from the realm of the possible, 
as demonstrated in 1915, to a commercially practicable service. 

In 1919, World War I having come to a close, two outstanding 
newcomers, both destined to become directors of radio research at Bell 
Telephone Laboratories decades later, added their talents to the 
growing research activity in radio. They were Ralph Bown, who had 
been a Signal Corps officer and had received his doctorate at Cornell, 
now joining the Development and Research group at AT&TCo; and H. 
T. Friis, an electrical engineering graduate of the Royal Technical 
College of Denmark (1916), joining Colpitts' Research Branch in 
Western Electric's Engineering Department after studying radio under 
Morecroft at Columbia University. Friis was hired by H. W. Nichols, a 
physical scientist of exceptional analytical and inventive ability, who 
had taken charge of Englund's work, as well as that of Heising, already 
mentioned. Nichols, a graduate of Armour Institute (now the Illinois 
Institute of Technology) had come to Western Electric in 1914 from the 
University of Chicago, which later (1918) awarded him a doctorate in 
physics. He would undoubtedly have risen high in the ranks but for 
an untimely death in late 1925. 36 

In their long careers Bown and Friis personified the spirit of re- 
search, particularly research in the industrial environment where an 
awareness of practical goals is in the atmosphere but does not limit the 
depth to which relevant knowledge can be pursued. Thus the vagaries 
of wave transmission, as observed in the empirical data being 
acquired by Englund, were seen as offering a challenge that had to be 
met. It was apparent that good statistics had to be obtained, as to both 
signal strength variations and radio noise level; but it was also 
apparent that explanations had to be sought for these phenomena, in 
the interest of circumventing the limitations where possible. 

35 "Note on the Measurement of Radio Signals," Proc. IRE , February 1923. 

36 One of Nichols' outstanding papers, "Propagation of Electric Waves Over the 
Earth," co-authored by J. C. Schelleng (who had come in 1919 from the physics 
faculty at Cornell) and published in the Bell System Technical J. in April 1925, 
developed a mathematical theory of transmission phenomena in a medium containing 
free electrons and ions and simultaneously subject to the earth's magnetic field, 
whereby the wave is split into two parts by magnetic double refraction, one of these 
components being then subject to an absorption that is a maximum at a wave- 
length of about 200 meters. Appleton in England independently published on this 
anisotropic effect, by which the behavior of waves in this turbulent region of space 
was still further complicated. 
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Through the efforts of Friis and others, the measurement tools 
employed by Englund were sharpened to provide greater accuracy, 
convenience, and portability, so that an extensive program of field 
strength and noise measurement could be followed, continuing on 
from the very long waves, to be employed in the first transatlantic 
radiotelephone system, to the shorter (now called “medium") waves 
where the phenomena of rapid fading and “skip distance" effects due 
to the ionosphere would dominate the coverage from a transmitter 
except at the shortest ranges. These studies were therefore of great im- 
portance to the infant broadcasting industry as well as to the planning 
of point-to-point, ship-to-shore, and mobile communication systems. 

Looking ahead to the still shorter waves, when it became apparent 
later in the 1920s that these offered great possibilities for expansion of 
the transoceanic service, it could be seen that the multiple paths 
possible through the ionosphere presented a most serious transmis- 
sion obstacle in the form of frequency-selective fading caused by 
interference between them. Friis and his associates accordingly 
launched an intensive study of the angle of arrival (in the vertical 
plane) of these waves so that the mechanism of interference could be 
understood and some form of vertical directivity could be employed in 
the hope of mitigating the effect of selective fading on transmission 
quality. Ideally, such studies would have employed test antennas of 
very high directivity and variable vertical angle so that the waves 
arriving at different angles could be separated. Lacking such facilities 
at this early stage, Friis and his colleagues utilized oscillographic 
observations of the phase difference at two points, and despite the 
difficulties introduced by multiple waves arriving at different angles, 
it was possible to report preliminary findings 37 as early as 1928. In the 
years immediately following, as more refined methods became 
possible, angle-of-arrival measurements continued to be vigorously 
pursued. Some of these were pulse methods that showed, as expected, 
longer propagation times (over the great circle path) for waves arriving 
at higher angles, further confirming the need for high discrimination 
in the vertical plane to avoid serious impairment of signal quality in a 
working system. A still further refinement to result from these studies 
would be the multiple unit steerable antenna 38 or MUSA, whereby the 
elevation angle could be varied electronically for best reception of the 
incoming signal. 

In the absence of distortion, and provided the signal at the input 
terminals of the radio receiver has sufficient margin over “set 

37 H. T. Friis, "Oscillographic Observations on the Direction of Propagation and 
Fading of Short Waves," Proc. IRE, May 1928. 

38 H. T. Friis and C. B. Feldman, "A Multiple Unit Steerable Antenna for Short 
Wave Reception," Proc. IRE, July 1937. 
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noise” — i.e., over Johnson or thermal noise (already discussed) and 
tube noise — the limiting factor in transmission then becomes the 
noise encountered in the medium itself, in the form of atmospheric 
static or other disturbances. It was apparent from the beginning that 
any strategems that could be devised to reduce such interference 
would make possible great economies in other parameters, of which 
transmitted power and antenna size were most obvious. Con- 
sequently the study of static, in relation to magnitude and direction of 
origin, was an essential part of the research program that looked ahead 
to commercial service. While the literature on manual measurements 
of static was already plentiful, there had been little continuous 
automatic recording. 39 Moreover, any meaningful application to 
telephony had to include specific consideration of the effect of the 
static on the intelligibility of speech. 

These broad considerations were covered in 1923 in a classic paper 40 
by Bown, Englund, and Friis, from which we show here, as Fig. 10-14, 
their initial diagram displaying the three distinct parts into which a 
radio system naturally splits from a transmission standpoint. It 
was shown how the gains in the transmitting and receiving 
portions would have to be apportioned, by the radio system designers 
of the future, so as to compensate for the loss in the transmission path, 
at minimum cost, while satisfying the necessary criteria of service 
quality. It was characteristic of these authors to explore carefully the 
subjective aspect of received noise and to consider adequate margins 
of signal over noise as one of the most essential service criteria. For 
this purpose they introduced the idea of a simple type of artificial 
speech whose amplitude could be adjusted so as to be just discernible 
through the noise. Thus, in the vast quantities of data taken over 
periods of many months, looking ahead to the first transoceanic 
radiotelephone service, it was the essential factor of speech-to- 
subjective-noise ratio rather than radio field strength alone that 
received prime attention. 

An important AT&TCo contributor to these studies was R. K. Potter. 
Because of major contributions that Potter made later, related to 
analysis of speech, we shall have more to say about his career toward 
the end of Section III of this chapter. 

Long after radio, employing both short and long waves, had become 
a well-established service in the Bell System, the measurement of radio 
noise was to continue. For the tools of measurement would become 
more refined and productive as time went on, and the character of 
noise itself would change as the frequency range continued to expand. 

39 H. T. Friis, "A Static Recorder,” Bell System Technical /., April 1926. 

40 R. Bown, C. R. Englund, and H. T. Friis, "Radio Transmission Measurements," 
Proc. IRE, April 1923. 
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"Set" noise, for example, became predominant beyond 200 MHz, 
rather than atmospheric static or man-made interference, or the 
extra-terrestrial type of noise 41 that was to be discovered at Bell 
Laboratories in the early 1930s. 

Since radio was still considered, in the 1920s and 1930s, the only 
means by which multichannel telephony could economically bridge 
the ocean for some time to come — and indeed was to remain so for 
nearly three decades, including the years of World War II — these 
fundamental studies paid for themselves many times over in making it 
possible to live with the shortcomings of an erratic, defiant medium 
and create highly successful and useful systems. More than this, the 
men involved in these studies laid the groundwork and set up an 
organized, talented group for even more comprehensive and diver- 
sified approaches to the problems of the future — a future that would 
make radio a competitor to wire lines over land, even giving it 
superiority in some applications; a future, too, that would extend radio 
to frequency ranges far beyond the few hundred megahertz reached in 
the 1930s, even to the millimeter wavelength range where new mecha- 
nisms could be invoked for the guidance of waves by conductors. 

Thus have Friis and his associates contributed to a vast accumula- 
tion of knowledge and art, extending for half a century. Here we cite 
only a few of their many publications not already mentioned, as 
representative of the character and broad scope of their work in the 
1920s and the succeeding few years: 

R. Bown, D. K. Martin and R. K. Potter, "Some Studies in Radio 
Broadcast Transmission," Proc. IRE, February 1926. 

A. G. Jensen, "Portable Receiving Sets for Measuring Field 
Strengths at Broadcasting Frequencies," Proc. IRE , June 1926. 

J. C. Schelleng, "Note on the Determination of the Ionization in the 
Upper Atmosphere," Proc. IRE, November 1928. (A further note by 
the author appeared in the same journal in August 1929.) 

G. C. Southworth, "Certain Factors Affecting the Gain of Directive 
Antennas," Proc. IRE, September 1930. 

C. B. Feldman, "The Optical Behavior of the Ground for Short Radio 
Waves," Proc. IRE, June 1933. 

The numerous contributions of this same group in later decades, 
when they continued as leaders of a worldwide attack on radio 
propagation problems and their ramifications, are left for recording in 
a later volume of this history. 

41 Two papers by K. G. Jansky describe some of these investigations: “Directional 
Studies of Atmospherics at High Frequencies," Proc. IRE, December 1932, and "A 
Note on the Source of Interstellar Interference," Proc. IRE, October 1935. 
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While radio with its inherent novelty and new challenges was a 
focus for the interest of numerous applied scientists no longer pressed 
by the critical demands of World War I, other aspects of communica- 
tion were likewise beckoning for their attention. One of these was the 
transmission of visual information, which had been a goal of research 
workers from the earliest days of electrical communication but had 
resisted any practical advance. The blossoming of electronics now 
revived hopes for the long-dreamed-of transmission of visual images, 
with television — images in motion — a more distant goal. Into this 
field came Herbert E. Ives, with a doctorate from Johns Hopkins, 
Signal Corps experience in aerial photography, and a lively interest in 
optical and photographic problems. Ives was the leader in the 
technical aspects of the work in Western Electric's Engineering 
Department leading to a demonstration of long-distance telephotog- 
raphy over telephone wires in 1924, and at H. D. Arnold's instigation 
drew up a proposed program of research in television, starting with 
a modest attack on the most fundamental problems, with provision for 
expansion as these might be solved and give way to problems of a 
developmental character. 42 

In this way, as in the Englund-Friis approach to radio, invasion of 
the new territory of television proceeded by thoughtful steps toward 
objectives only dimly seen at first, but becoming clearer as fundamen- 
tal obstacles gave way to a heightening onslaught. The developments 
and early demonstrations, through the late 1920s, resulting from this 
program have been described in Section 9.8 of Chapter 7. Here we 
make note of just two examples of fundamental contributions that 
were to demonstrate their worth many years later: 

(i) The suggestion by P. M. Rainey 43 that the elements of a picture 
be represented, for transmission purposes, by coded binary 
(two-valued) signals in order to circumvent the imperfections of 
the medium. More than a decade later, when a corresponding 
proposal was made for speech transmission by A. H. Reeves of 
ITT, the idea was still considered audacious because of the 
greatly increased signal frequency band required; yet by mid- 
century the development of "pulse code modulation" was given 
high priority, and soon afterward this technique figured 
prominently in the transmission plant of the Bell System. 

(ii) The invention by Frank Gray 44 of a method of transmitting two 
television signals within a frequency range normally sufficient 

42 An example of Ives' early interest in signals for transmitting motion pictures 

was his paper "A Theory of Intermittent Vision,"/. Opt. Soc. Am. and Rev. Sci. Instr., 
June 1922. 

43 P. M. Rainey; U.S. Patent No. 1,608,527; filed July 20, 1921; issued November 
30, 1926. 

44 Frank Gray; U.S. Patent No. 1,769,920; filed April 30, 1929; issued July 8, 1930. 
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for only one. The method was based on use of the interstices 
discovered by Gray (and independently by P. Mertz, whose 
work has already been cited) between the spectrum lines of a 
television signal, these lines being spaced at intervals equal to 
the line-scanning frequency. More than two decades later, the 
great value of this invention was appreciated when it became 
necessary to transmit, independently, a “luminance" signal and 
a "chrominance" signal to handle color television; and Gray 
received, in 1953, months after his retirement from Bell 
Laboratories, the Vladimir K. Zworykin Award of the Institute 
of Radio Engineers for this far-ahead-of-its-time contribution to 
electronic television. 

Gray, a Ph.D. from Wisconsin, where he was on the physics faculty, 
had come to Western Electric in 1919, and under the inspiration of Ives 
and others he was to make numerous innovative contributions in a 
career of three decades. 

Going back now to the earliest days of the telephone, it will be 
recalled that the switching of telephone calls did not at first seem to be 
a field requiring deep analysis, but it developed some aspects in the 
1890s that called for mathematical talent of a high order; and, as we 
have seen earlier in this section, the names of M. C. Rorty and E. C. 
Molina became known worldwide for bold and original thinking in 
trunking theory and the application of probability theory to switching 
problems. Going now into the 1920s, as telephone growth continued 45 
and the power of new methods introduced by Erlang of the 
Copenhagen Telephone Company was recognized, a train of theoreti- 
cal studies was set in motion that continued strongly into later 
decades. Molina, himself a devotee of Laplace, with the additional 
inspiration of association with Campbell, led this effort in its 
theoretical aspects 46 and was instrumental in attracting the talent that 
would be needed in the future, when “common control" switching 
systems — discussed in Section 4.3 of Chapter 6 — would introduce 
additional degrees of freedom into the switching plant and would 
require even more powerful analytical methods. 

The design of circuits, the economic study of automated systems, 
and the theory of probability all seemed to complement one another in 
the person of Molina. His work even made a contribution to the 
planning of transmission systems by showing the combined effects of 

45 A comprehensive review of the development of trunking theory overseas, which 
paralleled the thinking in the U.S.A. in this field, is given in a classic publication by 
G. F. O'Dell, "An Outline of the Trunking Aspect of Automatic Telephones," /. 
Inst, of Elec. Eng. (London), 1927. O'Dell also was the author of an excellent bibliog- 
raphy appearing in the Post Office Elec. Eng. ]., October 1920. 

46 "The Theory of Probabilities Applied to Telephone Trunking Problems," Bell 
System Technical /., November 1922. 
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a multitude of irregularities in loaded lines — a problem that had to be 
studied intensively as loading came into use. 

One of Molina's admirers, himself a distinguished mathematician, 
was T. C. Fry, who came to Western Electric from the Wisconsin 
faculty in 1916. Fry, whose work at Western in the 1920s, largely 
concerned with probability theory, ran closely parallel to Molina's at 
AT&TCo, paid tribute 47 many years later to two sides of Molina's 
character, the scholarly side as revealed in his expert knowledge of 
Laplace, and the very practical side as displayed by his conception of 
the translator, a great basic invention (1905) that completely freed the 
automatic telephone switching mechanisms from slavish dependence 
on the decimal numbering system and was later embodied in all of the 
great computing systems. 

Fry's own contributions demonstrated the power of mathematical 
methods in numerous applications, often in collaboration with 
physicists or engineers we have already mentioned; for example, with 
Hartley in 1922 48 on statistical aspects of studies on the binaural 
location of complex sounds; and with Ives, also in 1922 49 concerning 
phenomena in photoelectric cells. Coincidentally with J. B. Johnson's 
work on thermal noise. Fry published on the theory of shot noise 50 due 
to randomness in electron emission. Fry's celebrated book Probability 
and Its Engineering Uses (Van Nostrand, 1928) included basic contribu- 
tions to the theory of stochastic (random) processes, with applications 
to telephone traffic, thus tying in with Molina's work and the 
accelerating programs in traffic and trunking theory. 

We conclude this section with a brief mention of another field, 
related to transmission, whose flowering commenced in the 1920s as a 
natural area for the combined talents of telephone scientists and 
their mathematical collaborators — the field of electromechanical- 
electroacoustic systems. It was pointed out early in this section that 
frequency-dependent electrical elements and the reactance concept had 
originally become understood in the 1860-1890 period through their 
mechanical analogues. Now, a half-century later, with the maturing of 
electric circuit theory under Campbell, Carson, Zobel, Norton, and 
others we have mentioned, the rebound from their discoveries was 
felt in full impact, especially in electroacoustics. Thus it became 
possible to progress from the primitive methods devised by Alexander 
Graham Bell, through an evolution recorded in Chapter 3, to far more 


47 Internal Bell Laboratories memorandum, January 31, 1949, to R. I. Wilkinson 
from Fry, who was then Director of Switching Research and Engineering. 

48 R. V. L. Hartley and T. C. Fry, “Binaural Locations of Complex Sounds,” Bell 
System Technical ]., November 1922. 

49 H. E. Ives and T. C. Fry, "Voltage-Current Relation in Central Anode Photo- 
Electric Cells," Astrophys. /., July 1922. 

50 T. C. Fry, "Theory of the Schroteffekt," /. Franklin Inst., February 1925. 
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Fig. 10-15. Equivalent circuit of electromagnetic recorder. One of the earliest detailed 
expositions of the application of classical electrical network theory in electroacoustic 
systems, bringing out the various electrical analogs of mechanical elements. (Redrawn from 
J. P. Maxfield and H. C. Harrison, 1926) 


sophisticated methods of electromechanical coupling that would 
provide higher efficiency of energy transfer and vastly improved 
frequency response. We reproduce here, as Fig. 10-15, one of the early 
diagrams from a classic 1926 paper by Maxfield and Harrison 51 
wherein the electrical and acoustomechanical analogies are clearly 
brought out. 

We leave further discussion of this field to the next section, where 
the context of speech and hearing phenomena will provide a more 
natural setting. But we point out that, as with radio, it was the spirit 
of uncommitted research, fostered by Jewett, Arnold, and their 
associates, which inspired much of this recorded advance. “Try as we 
may, and as we ought," wrote Arnold 52 in 1926, “to maintain an even 
and considered front in our attack on the boundaries of knowledge, 
there are always some salients which will yield only to siege or to 
extended flanking operations. So we find in the department men who 
are patiently and cunningly attacking old problems — problems which 
it might seem we had passed in our rapid progress, but which have 

51 J. P. Maxfield and H. C. Harrison, "Methods of High Quality Recording and 
Reproducing of Music and Speech Based on Telephone Research," Bell System 
Technical /., July 1926. 

52 H. D. Arnold, "Organizing our Researches," Bell Laboratories Record , June 1926. 
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still remained unconquered, and are frequently key positions of the 
greatest value. Compensating for these long-established sieges are 
slender lines of adventure which have been thrust forward into the 
unknown far beyond any present hope of consolidation. In this virgin 
territory we find men, whose success must depend largely upon their 
own initiative and resourcefulness, striving for some point which may 
bring with its winning the conquest of new and broad regions.” 

In this section, the potency of the scientific method applied to 
fundamental problems, as voiced by Carty and quoted at the 
beginning of this chapter, has required only a modest number of 
examples to demonstrate its worth to industry itself, as well as to the 
scientific community. In the fields to be covered by Sections III and IV 
we shall similarly cite selected examples, rather than be exhaustive, 
and hope to depict further through these illustrative cases the intellec- 
tual climate in which research thrives and can lead, in Carty's words, 
to “profitable improvements in the art, worth many times their cost.” 

III. RESEARCH IN SPEECH, HEARING, AND SOUND 

Having no records of the speech of primitive men, we could assume 
that it consisted of elementary sounds, perhaps in the nature of growls 
and grunts; and that these, supplemented by physical gestures, 
conveyed the simple ideas that had to be communicated. We can 
imagine that, with time, men learned to control the organs of speech 
with more skill and precision to impart shades of meaning, and to 
edge and emboss the vowel sounds with an increasing variety of 
cosonants and diphthongs, giving the ear and brain of the listener a 
more complex pattern of sounds to interpret. With the evolution of 
language, it then became possible to introduce reasoning, logic, and 
persuasion on a higher intellectual plane; so that now, for many 
thousands of years, the race has had the benefit of a medium of 
communication capable of accommodating even the most abstruse 
ideas and the most sensitive emotions, yet with apparatus that is 
already built-in at birth. 

It is only when the range of voice communication has to be extended 
(beyond a few feet or a few hundred feet), or when a record of the 
voice must be preserved, to be listened to at a later time, that 
man-made devices, the telephone and the recorder-reproducer, must 
be brought into play. Until a century ago, hardly anyone thought of 
the voice as a thing that could start from here and be heard somewhere 
else, for the voice was a fleeting thing, not to be transported 
anywhere, not to be stored anywhere. That a sound might be uttered, 
but not immediately lost forever — except in people's memories — was 
the limit in fantasy: 
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Antiphanes said merrily, that in a certain city the cold was so intense that 
words were congealed as soon as spoken, but that after some time they 
thawed and became audible; so that the words spoken in winter were 
articulated next summer. — Plutarch 

The stimulus for Bell's invention of the telephone was his recogni- 
tion of the value of the spoken word, in an instant two-way exchange, 
as compared with communication in any other form. It was a 
recognition that came from his dedication to human speech — to 
giving the power of speech to people who could not speak because 
they were deaf and could not hear anyone else speak. With this 
appreciation of the importance of vocal communication in the life of 
human beings, any possible extension in the range of communication 
was something to be ardently sought. 

As compared to the discoveries in astronomy, chemistry, and 
electricity, there has been little in the histories of science concerning 
speech, hearing, and acoustics. It would seem that the marvelous 
flexibility of the speech process and the analytical ability of the 
hearing process were too commonplace to excite wonderment. Yet 
there are some names that stood out and a few discoveries that 
provided a background of knowledge not only for Alexander Graham 
Bell but for his father and grandfather, in whose steps he eagerly 
followed. For example. Dr. John Wilkins, an English clergyman- 
philosopher, had published a book in 1668 clearly showing many of 
the relations between voice sounds and the tongue and lip positions 
used in producing them, and had devised a series of schematic 
drawings of the mouth that could to some degree specify speech 
sounds. A more accurate representation was provided by an ingenious 
"visible speech" presentation devised in 1867 by Alexander Graham 
Bell's father, Alexander Melville Bell. From such a record made by the 
father or son, the other could accurately imitate even unalphabetical 
articulations such as a yawn, a hiccough, or a clearing of the throat. 
Thus the Bells understood perfectly the relations between the parts of 
the vocal tract and the sound produced. 

Most notable of the works providing a basis for the studies of the 
Bells was that of the anatomist, physiologist, and physical scientist 
Helmholtz in Germany, especially his publication in 1862 of "Die 
Lehre von den Tonempfindungen," on sensations of tone as a 
physiological basis for the theory of music. We have also noted, in 
Section II of Chapter 1, the use of the "phonautograph" of Leon Scott, 
a French engineer- scientist, and the manometric capsule of Koenig, a 
contemporary of Helmholtz, in connection with Bell's early visions of 
how telephony might be carried out, as well as his attempts to portray 
speech waves to his deaf pupils. We also noted his use of the bone 
mechanism of an actual human ear in attempting to get a more realistic 
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phonautograph record. These were surely research efforts in the true 
sense, the exploration of new territory; but once the breakthrough had 
been accomplished, and the telephone had become a commercial 
thing, the record shows little more of truly fundamental work in 
speech, hearing, and sound for several decades. Speech itself was so 
elusive in its content, and the hearing/understanding process so highly 
subjective, as to defy quantitative analysis until vastly improved 
instrumentation for measurement became available. 

The vacuum tube amplifier, arriving on the scene in 1913, gave new 
life to studies of speech as it had done for telephony itself; for, with 
amplification, it was possible to make measurements at levels far 
below the sensitivity of the ear, marvelously sensitive though that organ 
was, and to do so with a quantitative precision not previously possible. 

It had, of course, been appreciated that the intelligibility of human 
speech, when electrically transmitted and then reproduced, must 
depend on the overall responsiveness of the system in some regions of 
the voice spectrum more than in others. And, to the extent that 
"naturalness” or recognizability of individual voices was of concern at 
that time, it must have been suspected that the frequencies contribut- 
ing thereto were not the frequencies that were most essential to good 
intelligibility. But all of this had remained qualitative only; for, as we 
noted in Section II, the objective had necessarily been to transmit and 
reproduce as much power as possible at every frequency. 

Thus when Irving B. Crandall, a professor of physics and chemistry 
with degrees from Wisconsin and Princeton, came into the research 
ranks of Western Electric in 1913, a rich field for investigation was 
opening up and the new tools for its cultivation were being invented 
by his own colleagues in the form of oscillators and amplifiers, and in 
the form of filters and other frequency-dependent elements. The art of 
analyzing electrical currents into their component frequencies and ac- 
curately measuring them, and the related art in connection with mechan- 
ically vibrating systems, were rapidly advancing, and it was apparent 
that great advantages would come from similarly analyzing speech and 
hearing; for an accurate knowledge of every part of a system, from the 
voice through the telephone instruments to and including the ear, 
would permit more intelligent design of the parts under control. 

A factor that had been especially difficult to analyze and measure 
was the ability of an individual to recognize small defects in familiar 
sounds. It is remarkable how quickly we note a small change in a 
friend's voice, and with what uncanny skill a musician will detect 
minute imperfections in complex sounds. Accordingly, it could be 
seen that a study of the speech and hearing process as related to 
telephony would require construction of devices so nearly perfect that 
the keenest ear could not find a flaw in the rendition, and then the 
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step-by-step introduction of measured imperfections until an ob- 
server could detect a fault. Then, by collating the observations from 
a wide variety of subjects, the degree of perfection that might be 
demanded of the telephone instrument could be forecast in a 
reasonable way. 

The philosophy, therefore, of the investigations of speech and 
hearing — captained by Crandall beginning in 1914 — was, as later 
expressed 53 by H. D. Arnold, “to get an accurate physical description 
and a measure of the mechanical operation of human ears in such 
terms that we may relate them directly to our electrical and acoustical 
instruments; to test the keenness of the sound-discriminating sense 
and find what is the smallest distortion which the mind can perceive 
and how it reacts to somewhat larger distortions; and thus to reach a 
reasonable basis of design both for separate instruments and for systems, 
as a whole, to give a proper balance between cost and performance." 

We sense again, in these words of Arnold's, the spirit of fundamen- 
tal research in the industrial environment, where the long-range 
usefulness of new knowledge can be envisioned long before it can be 
commercially demonstrated. Arnold's was, in fact, the guiding spirit 
that conceived and initiated the plan for acoustics research that 
Crandall and his colleagues would carry out; for it was Arnold, more 
than anyone, who recognized the need for precise measurement, the 
need for a basic transmission reference system with components as 
nearly perfect as possible, and the desirability of an excursion into the 
psychological and physiological aspects of speech and hearing. Less 
than 15 years later, though in Arnold's words some parts of the work 
were “hardly more than started," yet the results had been so great, 
both for the original purpose and for the many issues that had since 
arisen, that they presented “a unique exemplification of the worth of 
systematic and sustained research." 

The attack was first launched most vigorously on the constitution of 
speech in an effort to establish some kind of description of average 
speech, and to find to what extent small imperfections and variations 
affected intelligibility. This work obviously could not go far without 
including a study of the organs of speech and the organs and 
mechanism of hearing, and its scope came to be extended as well to 
some of the abnormalities in these faculties. As better and more 
precise instruments became necessary, some of the effort was devoted 
to securing devices that would convert sound waves into electrical 
form and reconvert them again to sound with the least possible 
distortion. Out of this were to come unexpected rewards to the 

53 From Arnold's introduction to Speech and Hearing by H. Fletcher, D. Van Nostrand 
Company, Inc., 1929. 
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Fig. 10-16. A simple form of thermophone for precision generation of sound 
waves. (Redrawn from H. D. Arnold and I. B. Crandall, 1917) 

telephone and phonographic arts, as well as a succession of important 
scientific and technological advances. 

Together, Crandall and Arnold developed the thermophone, 54 a 
device based on earlier work abroad, particularly the discovery by F. 
Braun 55 that acoustic effects could be produced by passing alternating 
currents through a bolometer. Requiring a laboratory sound source 
that was simple and dependable, and capable of reproducible results, 
Crandall and Arnold started with a simple form of instrument as 
depicted in Fig. 10-16 (reproduced from their 1917 paper). The 
periodic heating of the very thin metallic strip, in response to an 
alternating current fed through the strip, set up temperature variations 
in the film of air immediately adjacent, which in turn created sound 
waves as a result of the thermal expansion and contraction. The 
instrument was therefore unique in that there was no reaction on the 
driving source from the medium as would be the case with a 
mechanically vibrating type of instrument. 

In a mathematical analysis backed up by careful experimentation, 
the conditions were derived for maximum efficiency of sound 
generation consistent with purity of response, i.e., the absence of 
extraneous frequencies such as harmonics and sum-and-difference 
tones. As a source of single-frequency sound waves, the thermophone 
could be actuated by a sinusoidal current of half the desired 
frequency, since the instantaneous heating in the resistance R of the 
strip due to a current i, varying sinusoidally with time, would be 

i 2 R sin 2 pt=\ i 2 R (1— cos 2pt). 

This mode of operation presupposed an adequate supply of pure 
single-frequency alternating current to bring the average temperature 

54 "The Thermophone as a Precision Source of Sound," Phys. Rev., July 1917. 

55 Ann. Physik, 1898. 
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of the strip up to a level where sound would be efficiently generated. 
In the case of a weaker source, the sound output could be increased by 
supplying direct current for heating the strip, in which case the signal 
input would be at the desired frequency instead of half the desired 
frequency. In this mode of operation, it was necessary to restrict the 
alternating-current amplitude to a value much smaller than the direct 
current so that the second harmonic generated would not be excessive. 

Where the input to the thermophone was to be a combination of 
frequencies, as was more nearly representative of speech waves, this 
second mode was essential, the direct current again being several 
times the amplitude of the alternating components so that the 
temperature wave and consequent sound wave generated would 
faithfully reproduce the sinusoidal components and be sufficiently free 
of harmonics and sum-and-difference tones. 

Since the thermophone was a basic instrument for the researches 
that were to follow, it was essential for its fundamental properties to 
be known quantitatively. In their analysis, Arnold and Crandall 
determined its theoretical frequency response under two conditions: 
first, with the sound wave permitted to travel freely away from the 
thermal strip as a plane or spherical wave; second, with the strip 
placed in a small cavity for the purpose of producing pressure changes 
that could actuate the ear or some mechanical "phonometer” or 
pressure-measuring instrument that would constitute one wall of the 
enclosure. The analysis showed the response to be greatly different for 
the two cases, being proportional to frequency in the first case and 
inversely proportional to the cube of the frequency in the second case. 

Both of these relationships, with the unaided human ear used as a 
comparator, received surprisingly good experimental confirmation. In 
these tests, the thermophone and a telephone receiver with which it 
was compared as to acoustic output were looked upon as two pistons 
that communicated their amplitudes of motion to the adjacent 
medium, the strength of each source being proportional to the area of 
the imagined piston times the amplitude of its motion. The telephone 
receiver had been calibrated as a sound generator by measuring the 
motion of the diaphragm with a microscope, and it was known that for 
small vibrations the bowing of the diaphragm gave an integrated 
displacement equivalent to that of a piston having 0.306 times its area. 

A much more accurate and satisfactory verification of the theory was 
made possible by the construction of a successful phonometer, in the 
form of a condenser-type microphone, by Crandall's colleague E. C. 
Wente, who came to Western Electric in 1914 with degrees from the 
University of Michigan and M.I.T., to which a doctorate from Yale 
would be added in 1918. 

The principle of the condenser microphone, in which the spacing 
between plates of a condenser is varied by the pressure of a sound 
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wave, was not new, having been suggested 56 as early as 1881; but in 
its early forms, and lacking an amplifier to make up for its feeble 
response as a transducer, it had not been a useful instrument. What 

56 "Condensateur Employe comme Transmitteur," La Lumiere Electrique, 1881. 



Fig. 10-17. Circuit used in E. C. Wente's analysis of the condenser microphone. 
(Redrawn from E. C. Wente, 1917) 
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Fig. 10-18. Sectional drawing showing construction of condenser microphone. 
(Redrawn from E. C. Wente, 1917) 



Fig. 10-19. The use of Wente's condenser microphone to verify Arnold's and 
Crandall's theory on the efficiency of the thermophone as a source of sound. (Re- 
drawn from H. D. Arnold and I. B. Crandall, 1917) 
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appealed to Wente was the fundamental simplicity of the device and 
the possibility of extending its inherent mechanical resonance far 
beyond the frequency range of interest so that its response might be 
smooth and reproducible. In a 1917 companion paper 57 to the paper of 
Arnold and Crandall previously cited, Wente analyzed the device 
mathematically and gave details of construction of a successful 
instrument. Wente's paper shows the basic circuit considered in his 
derivation, here reproduced as Fig. 10-17, whereby a small sinusoidal 
variation of amplitude Cj in the capacity of a condenser C 0 , in series 
with a battery of voltage E, was shown to be equivalent to the 
insertion, in series with C 0 , of a generator having a sinusoidal 
open-circuit voltage E(CilC 0 ). 

Also reproduced from Wente's paper is Fig. 10-18, which gives some 
details of construction, notable features being the use of a very thin 
steel diaphragm stretched nearly to its elastic limit, with a very small 
air gap for maximum sensitivity, the plate B being ground extremely 
flat so that several hundred volts could be used without leakage or 
flashover. With such construction, it is obvious that the thin film of air 
between plates would have very significant damping effects, and the 
analysis of these effects was an essential part of Wente's and 
Crandall's studies of the instrument. 

Figure 10-19, reproduced from the Arnold- Crandall 1917 paper 
already referred to, shows how Wente's phonometer was used to 
corroborate their theory on the acoustical output of the thermophone. 
The thermophone element was placed in a small enclosure whose walls 
included the diaphragm of Wente's instrument. Then, to eliminate any 
absolute calibration of the phonometer, an identical one was incorpo- 
rated in a second enclosure excited by a piston at the same frequency. 
The pressure variations caused by the piston were easily calculated 
from mechanical considerations, and the comparison was easily made 
by matching the electrical outputs of the phonometers. The experiment 
verified Arnold and Crandall's theory to within 5 percent, a remarka- 
ble result in that pioneering stage in electroacoustic science. 

The field of electroacoustics in which Crandall and Wente and their 
colleagues were laboring was, of course, far from being an exclusive 
domain of Bell System workers; for the invention of the telephone by 
Bell had been quickly followed by the invention of the phonograph by 
Edison and the development of variations thereof, such as the 
graphophone and gramophone. Alexander Graham Bell himself had 
participated in these efforts. Other workers had devised oscillographic 
methods for portraying sound waves visually for study and analysis. 


57 "A Condenser Transmitter as a Uniformly Sensitive Instrument for the Absolute 
Measurement of Sound Intensity," Phys. Rev., July 1917. 
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Among those responsible for these achievements the names of 
Hermann, Bevier, Blondel, and Duddell testify to the international 
character of the rising scientific interest in acoustical science, whereby 
the theoretical and largely mathematical expositions by Rayleigh — in 
his remarkable two volumes. The Theory of Sound, first printed in 
1877 — could now have greatly amplified opportunity for experimental 
demonstration. 

One of the most useful instruments for study and demonstration of 
tone qualities in speech and music was the Phonodeik (1909) devised 
by Dayton C. Miller 58 of the Case School faculty. In the Phonodeik 
(meaning to show or exhibit sound), a diaphragm was so coupled to a 
tiny mirror as to cause rotation of the mirror in response to an 
impinging sound wave. A beam of light focused on the mirror could 
then be deflected to give a greatly magnified excursion on a moving 
photographic film or, for observation while experimenting, on a piece 
of ground glass. Since the parts of the device were extremely light, the 
Phonodeik could be used for portrayal of harmonic components in a 
sound wave as rapid as 10,000 vibrations per second, and it was 
therefore a widely used instrument in scientific laboratories. 

The Crandall group at Western Electric participated in true 
“research" fashion in the worldwide dissemination of new knowl- 
edge in acoustics; and though their work was not aimed at satisfying 
the growing public mania for talking machines, inevitably some of 
their creations were adapted to these entertainment uses. Toward the 
end of Section II we saw (in Fig. 10-15) how the new understanding of 
electrical-mechanical analogues was making it possible to fashion 
transducers by employing electrical transmission theory, this work by 
Maxfield and Harrison being an indispensable contribution to the 
development of high-quality recording and reproduction of speech 
and music. Even before this, Wente's condenser microphone had been 
hailed as launching a new era in high fidelity; 59 and numerous later 
achievements of Wente's, aimed primarily though they were at solving 
fundamental problems, found wide adaptation in the livening atmos- 
phere of sound entertainment and radio broadcasting. J. R. Pierce, 
many years later, referring to the solid theoretical foundations upon 
which Wente's ideas were always built, remarked 60 that “When Wente 
designed a horn, he understood its cutoff and other acoustical 

58 Miller's book. The Science of Musical Sounds, first published in 1916, includes a 
detailed account of various methods employed for sound portrayal in the late 1800s 
and early 1900s. 

59 Olson and Massa of RCA, in their book. Applied Acoustics, generously remarked 
that "Modem acoustics may be said to have begun with the development of the con- 
denser microphone by Wente." 

60 Address at the presentation of the Gold Medal of the Acoustical Society of 
America to Wente, May 15, 1959. 
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properties. He knew why his tweeter had to be cellular and how 
cellular it had to be. When he designed a transducer to drive his 
horns, he understood its electrical and acoustical properties in a very 
fundamental way.” 

Pierce further noted that "Like many physicists, Wente possessed an 
excellent mechanical sense and great mechanical skill. Rather than 
airily waving his ideas into the hands of others, there to meet disaster, 
he could cleverly design and bring into reality the things he envisioned.” 

Several other youthful scientists of exceptional promise were 
recruited for the work on speech, hearing, and sound in that period 
before the needs of World War I began to draw heavily on their 
talents. Notable among these were R. L. Wegel, coming in 1914 (the 
same year as Wente) from the Edison Laboratory after specializing in 
theoretical physics at Wisconsin; C. F. Sacia, a graduate of the 
University of Michigan in electrical engineering, coming in 1916; and 
Harvey Fletcher, likewise arriving in 1916, a graduate of Brigham 
Young and head of the physics department there, with a doctorate 
from the University of Chicago. Fletcher was destined to assume the 
responsibilities of Crandall upon the latter's death in 1927 and was 
eventually (1933) to become director of physical research of Bell 
Telephone Laboratories. 

The efforts of this group being largely redirected to investigation 
of devices for underwater sound transmission and detection, it was 
not until after the war ended — more specifically, 1922 — that their 
previous and subsequent results on speech and hearing could begin 
to appear in Physical Review and in The Bell System Technical Journal, 
founded in July of that year. Some of the large number of funda- 
mentally important papers, as well as papers from other laboratories, 
are referred to in a 1925 paper 61 by Crandall, which starts with the 
historical setting for the speech studies then in progress. A view of 
the main line of Western Electric research effort in this field is 
given by the following brief list of selected titles, supplementing the 
1917 papers already cited. 

(/) H. Fletcher and R. L. Wegel, "The Frequency-Sensitivity of 
Normal Ears," Phys. Rev., June 1922. 

(ii) C. E. Lane, "Minimum Sound Energy for Audition for Tones 
of High Frequency," Phys. Rev., May 1922. 

(ill) I. B. Crandall and D. Mackenzie, "Analysis of the Energy 
Distribution in Speech," Phys. Rev., April 1922. 

( iv ) R. L. Wegel, "The Physical Characteristics of Audition and 
Dynamical Analysis of the External Ear," Bell System Technical 
J. , November 1922. 

61 I. B. Crandall, "The Sounds of Speech," Bell System Technical J., October 1925. 
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( v ) H. Fletcher, "The Nature of Speech and Its Interpretation," 
J. Franklin Inst., June 1922. 

( vi ) H. Fletcher, "Physical Measurements of Audition and Their 
Bearing on the Theory of Hearing," J. Franklin Inst., Septem- 
ber 1923. 

( vii ) R. L. Wegel and C. E. Lane, "Auditory Masking and Dynamics 
of the Inner Ear," Phys. Rev., February 1924. 

(viii) I. B. Crandall and C. F. Sacia, "A Dynamical Study of the 
Vowel Sounds," Bell System Technical J. , April 1924. 

( ix ) H. Fletcher, "Useful Numerical Constants of Speech and 
Hearing," Bell System Technical ]., July 1925. 

( x ) C. F. Sacia, "Speech Power and Energy," Bell System Techni- 
cal J., October 1925. 

(xi) J. C. Steinberg, "The Loudness of a Sound and Its Physical 
Stimulus," Phys. Rev. , October 1925. 

Prior to the sensitivity studies reported by Fletcher and Wegel in 
reference ( i ), which they had described before the National Academy 
of Science in November 1921, there had been numerous investiga- 
tions over a 50-year period, beginning with those of Toepler and 
Boltzmann in 1870 and Rayleigh in 1877, with results that were too 
widely disparate to be of practical use. For one thing, there had 
been no appreciation of the great variation — as much as a thousand- 
fold in terms of acoustical energy — in the hearing ability of supposedly 
"normal" ears. Beyond this, there was the lack of any adequate 
apparatus for measurement, the sound sources being typically organ 
pipes in which light interference methods had to be used to determine 
the amplitude of vibration of the air particles, or a whistle whose 
energy output was calculated from the pressure used in blowing it, 
or a tuning fork mounted on a resonator whose energy output was 
calculated from the decrement that it imposed on the vibration of 
the fork. 

Fletcher and Wegel showed their results, as compared with those 
of other investigators, in the first figure of their paper, which we 
here reproduce as Fig. 10-20. 

The new tools making these more accurate measurements of audi- 
tion possible were, of course, the vacuum tube oscillator and amplifier, 
the condenser transmitter, and the thermal receiver, together with a 
special attenuator whose range of variation in current output was 
more than three-millionfold. The assemblage as a whole was known 
as an audiometer and the curve relating sensititivity to frequency 
was called an audiogram. 

From these and other measurements on a large number of subjects 
considered to have normal hearing, Fletcher produced a highly 
significant pair of curves published as his first figures in reference 
(vi) showing the threshold of audibility and the threshold of feeling for 
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FREQUENCY 

Fig. 10-20. Redrawn from a 1921-22 paper by H. Fletcher and R. L. Wegel, 
showing scattered results of earlier investigators on the frequency sensitivity of the 
ear. Their own measurements are shown by the solid line. 

the average human ear, as related to frequency. Reproduced here as 
Fig. 10-21 is a pair of such curves, which thus become the boundaries 
of the area of auditory sensation. Sounds of lower intensity at the indi- 
cated frequency would not be detectable, even in the complete ab- 
sence of interfering noises, while sounds exceeding the upper thresh- 
old would be detected first as a tickling sensation or pain. The curves 
bring out graphically, first, that the frequency range of maximum aural 
sensitivity is in the vicinity of a half-dozen octaves; and second, that 
over much of this range the ear has the remarkable capacity to accommo- 
date a range or ratio of energy levels of the order of a million million. 62 

62 For good telephonic speech, fortunately (for economic reasons), a frequency 
range of about four octaves and an energy range more like 100,000 to 1 are adequate; 
but, as demonstrated dramatically by Fletcher and associates a few years later, the 
full artistic effect of musical renditions is achievable only by accommodating most of 
the audible frequency range and most of the intensity range bounded by the curves. 
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Fig. 10-21. Curves representing the “area of auditory sensation" as explored by 
Fletcher and Wegel. The above figure, essentially Fletcher's curves but with simpli- 
fied coordinates, is reproduced from Fig. 1 in the volume Transmission Circuits for 
Telephonic Communication by K. S. Johnson, Bell Telephone Laboratories, 1927. 

On these curves the ordinate is plotted logarithmically, in recogni- 
tion of the psychological "law” established much earlier by the 
German physicists Weber (1834) and Fechner (I860), whereby the sensa- 
tion caused by a stimulus is proportional to the logarithm of the stimu- 
lus. As applied here, the increment in sound pressure that is just ob- 
servable to the ear bears a constant ratio to the original pressure, 
the ratio being found to be about 1.1 over a wide range of pressures 
and frequencies. Since a similar relationship holds, over a wide range, 
in respect to pitch sensibility — the ratio in this case being 1.003 — 
the abscissa or frequency scale employed by Fletcher and Wegel was 
likewise logarithmic, as is the keyboard of a piano. It would thus be 
possible to subdivide the auditory sensation area between the two 
curves into a large number of small squares, each of which could be 
described as representing a frequency and amplitude just distinguish- 
able from its neighbors. 

From the number of differentiable values 63 of intensity, measured 
as approximately 270, and the number of differentiable frequencies. 


63 Fletcher obtained these data through the work of V. O. Knudsen, a graduate 
student at the Ryerson Physical Laboratory, University of Chicago. Knudsen's results, 
published in a paper “The Sensibility of the Ear to Small Differences of Intensity 
and Frequency," Phys. Rev . , January 1923, were more accurate than those of many 
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approximately 1,300, it could be said that there are about 300,000 
pure tones that can be perceived as being different; and the extent to 
which an individual's area of auditory sensation fell short of this num- 
ber could be taken as a measure of hearing deficiency. For specific 
purposes, however, — such as intelligibility in telephony — it is obvious 
that a criterion emphasizing a more restricted frequency and ampli- 
tude range would have more significance. Fletcher and his colleagues 
investigated a large number of cases of deficient hearing to correlate 
the audiograms with the subjective conversational experience of the 
individuals. 

The very large number of distinguishable pure tones could lead 
one to expect that the number of distinguishable complex tones would 
be astronomical; but because of a phenomenon known as masking, to 
be discussed presently, there are limitations in the hearing mechanism 
which place bounds on this number. 

From 1910 to the early 1920s, there were already many theories of 
hearing, and Fletcher and his colleagues sought to reconcile these 
with their own subjective observations, being made with electrical 
and acoustical measuring tools never before available, as well as with 
the new understandings of complex dynamical systems which they 
owed mainly to their electrical network theory confreres. Fletcher, in 
reviewing a few of these theories in reference ( vi ), published a dia- 
grammatic representation of the auditory function, which we here 
reproduce as Fig. 10-22. The representation starts with the external 
ear canal or meatus (on the left), which terminates in the eardrum, 
whose minute vibrations (of the order of 10 -8 centimeter) are mechani- 
cally transmitted by way of three tiny bones or ossicles, located in the 
air-filled middle ear, to the small and comparatively rigid oval window, 
which then excites the dense, incompressible fluid filling the inner ear. 

The Bell family, and the early otologists like Clarence Blake (from 
whom Alexander Graham Bell obtained, for experiment, these me- 
chanical parts from a cadaver, as related in Section II of Chapter 1) 
had been well aware of the functioning of these portions of the auditory 
system and of the important transforming or "impedance-matching" 
role of ossicles. What was now in question related more to the com- 
plex functioning of the inner ear, especially the mechanism responsible 
for pitch discrimination and for excitation of the neural pathways 
to the brain. 


earlier investigators because of improved instrumentation and a quieter environment. 
Later work at Bell Telephone Laboratories, with further refinements in measure- 
ments and covering a greater range of frequencies and intensities, indicated a figure 
above 500,000 for the number of distinguishable tones. This work is described in the 
following papers: "Differential Pitch Sensitivity of the Ear," R. Biddulph and E. G. 
Shower, /. Acoust. Soc. Am . , October 1931; "Loudness and the Minimum Perceptible 
Increment of Intensity," R. R. Riesz, J. Acoust. Soc. Am., January 1933. 
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Fig. 10-22. Fletcher's diagrammatic representation of the auditory function. The 
cochlea (actually a snail-shaped organ) is shown "rolled out" for clarity. The lower 
graph, based on calculations by R. L. Wegel and C. E. Lane, shows relative vibration 
amplitudes and positions (in millimeters from the oval window) along the basilar 
membrane, for tones of two frequencies, each 80 units (minimum detectable incre- 
ments) above the threshold of audibility. (Redrawn from H. Fletcher, 1923) 


In the earliest formulation of the Helmholtz theory, it was sup- 
posed that the organ of Corti, located between the basilar membrane 
and the tectorial membrane, acted like a set of resonators, large in 
number and sharply tuned. Each tone would stimulate a single 
resonator, depending upon its pitch. Later this theory had been 
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somewhat modified when it was thought that the resonant property 
might reside in one of the membranes in the cochlea. 

Some theories bypassed the pitch question by placing the burden on 
the neural pathways to the brain and suggesting that pitch discrimina- 
tion took place there in some manner. 

A theory held by many, and seemingly consistent with the dynamical 
constants involved, suggested that the maximum amplitude of vibra- 
tion of the basilar membrane would occur at a distance along the 
membrane determined by the pitch, the high tones stimulating regions 
near the base and the low tones regions near the apex of the cochlea; and 
that the pitch would be judged by this position of maximum response. It 
was an amplification of this theory that Fletcher arrived at, postulating 
that only those nerves are stimulated that are at particular parts of the 
membrane vibrating with more than a certain critical amplitude, and that 
the pitch is judged from the part of the membrane where the nerves are 
stimulated. For loud pure tones there would be several such regions of 
maximum amplitude, as shown in the lower graph of Fig. 10-22 (calculated 
by Wegel and Lane), corresponding to the tone and the harmonics intro- 
duced by the non-linear response of the middle and inner ear, the latter 
maxima increasing very rapidly with increased loudness. 

Since, according to the anatomists, there were only a few thousand 
nerve cells in the basilar membrane, with four or five fiber hairs per 
cell, there would not be nearly enough discrete units (even if each hair 
fiber could act as a unit) to account for the 300,000 (or more) differ- 
entiable tones. It was thus necessary for Fletcher to postulate that a 
large number of units must act at one time and that the ear and brain 
must become educated to interpret the spatial and amplitude configura- 
tion, observing differences in the intensity of excitation of each nerve 
cell, as well as the position of each one excited. 

It is the spatial or prism-like character of the basilar membrane's 
response that permits the hearer to sense two mixed tones as distinctly 
two tones, while the visual mechanism cannot sense individually two 
mixed colors, since the retina and the visual cortex of the brain are 
already burdened with a spatial function in two coordinates. 

On the other hand, as indicated a few paragraphs earlier, the auditory 
system's response to complex tones becomes greatly complicated at 
higher intensities because of the ''masking'' effect of one tone upon 
another. It had been known for nearly 50 years that strong tones of 
low frequency had a powerful effect in partially or completely obliter- 
ating sensitivity to higher-frequency tones, and this observation was 
considered fatal, by many, to any theory of hearing that involved 
resonance. But when the phenomenon was studied in great detail by 
Wegel and C. E. Lane (who had joined him, from the University of 
Iowa, in 1921), as reported by them in their 1924 paper, reference 
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Fig. 10-24. The solid curves show the effect upon articulation of transmitting 
only frequencies below a certain value (Articulation L curve) and above a certain 
value (Articulation H curve). The dotted curves show the average speech energy 
transmitted in each case. (Redrawn from H. Fletcher, 1929) 



Time Scale (seconds) 



Fig. 10-25. Instantaneous and mean power. Enlarged copy of original oscillogram 
of the word "quite.” (Redrawn from C. F. Sacia, 1925) 
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energy is present. In the latter system, however, the speech repro- 
duced would sound very peculiar, its “naturalness” being destroyed; 
hence, both ends of the voice spectrum had to be respected in de- 
signing the telephone plant. 

Since speech intelligibility varies somewhat with sound level, the 
intensity of the received speech, in obtaining these results, was adjusted 
by means of an attenuator to give maximum articulation for each 
setting of the filters. 

While the frequency range necessary for good telephony was thus 
being studied, another investigation of importance was not concerned 
with frequency as the argument, but rather with speech amplitude 
or energy as a function of time — for a salient characteristic of speech 
waves was the generally high ratio of peak value to mean or mean- 
square value. Failure to take this into account could cause serious load 
distortion in speech-transmitting amplifiers by suppression of the peaks 
— an effect readily detected by an accustomed ear, provided that the 
rest of the system is relatively distortion-free. C. F. Sacia was the 
principal investigator of this aspect of speech waves, some of his 
major conclusions being published in reference (at). 

Reproduced here as Fig. 10-25 is one of Sacia's diagrams illustrating, 
for the word "quite,” both the "instantaneous" power P it which of 
course varies from zero to high values on each cycle 68 of the wave, 
and the "mean" power P m , as measured over an interval of a hundredth 
of a second (i.e., approximately one cycle of the fundamental fre- 
quency). The latter is the power that would be recorded by a very fast- 
acting wattmeter. 

The ordinate values (microwatts) indicated in the figures were 
determined by measuring the pressure on a condenser transmitter 
9 centimeters from the speaker's lips, and translating this into terms 
of total emitted microwatts by using fairly well-established assumptions 
about energy distribution over the wavefront. The fluctuations in 
amplitude from one instantaneous power peak to the next were 
explained by Sacia as a modulation or tremolo in the voice which can 
appear even in so short a syllable as this word, and having in this case, a 
periodicity of around 0.02 second. 

From such measurements Sacia determined the "peak factor," a 
term which he applied to the square root of the ratio of a peak 
value of P t to the corresponding value of P m . The peak factor 
was obviously a useful index of the waveform. In extended tests 

88 When a wave contains strong even harmonics, the instantaneous power includes a 
component at the fundamental frequency, while for a pure sine wave or a wave 
with only odd harmonics, the power wave fluctuates with double the frequency. 
Thus, in the figure, a to b is the actual vocal period, or reciprocal of the pitch. 
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with a variety of sounds and speakers, Sacia arrived at a peak 
factor of 5 as making a reasonable allowance for the worst cases. 
"Hence,” he wrote, "the effective voltage should not exceed one- 
fifth the overload voltage of the system." 

These findings of Sacia's, employing apparatus of careful design, 
were of fundamental importance and came at a time when demands 
in the entertainment field, as well as in telephony, were requiring 
better understanding of the nature of speech waves. 

Also of much interest to acousticians was the highly subjective 
question of loudness of a sound as related to its physical stimulus. 
The simple logarithmic relationship of Weber and Fechner, already 
referred to, had obvious limitations. It could not, for example, be 
depended upon near the threshold of hearing, nor could it be 
expected to apply at high sound intensities because of non-linearities 
in the hearing mechanism. It was likewise suspect in the case of 
complex tones, of which speech and random noise were prime examples. 

J. C. Steinberg, joining Western Electric in 1922 with a doctorate 
in physics from the University of Iowa, collaborated with Fletcher 
in investigations of loudness reported in 1924, and then, in the 
paper listed as reference ( xi ), published the derivation of a formula 
covering the general case of both voiced and unvoiced sounds 
over a wide range of intensities. The derivation had to take account 
not only of the energy frequency spectrum of the sound, but of 
the threshold peculiar to each component in the presence of all 
the others. The result, therefore, had to be consistent with the 
theories of masking that were being published at the same time. 

Steinberg's formulation for the loudness of a voice-like sound — 
i.e., a sound characterized by discrete frequencies more than 60 hertz 
apart — was expressed in terms of the logarithm of a summation 
of an appropriate root of the weighted spectral components of pressure: 

L = (10/3)r 2 log ^ (W,P t ) 2 ' r , 69 

i= 1 

where the weight factor W,- for the i th component depended on 
its frequency and on the sensation level for the sound as a whole, 
while the root r, shown applied to each squared weighted sound 

69 Steinberg was amused, 50 years later, at the suggestion that he could have 
omitted the factor 10/3 in this expression if he had used the base-2 logarithm 
instead of base-10, since the ratio of these logarithms is 10/3. Few scientists in the 
1920s has reason to foresee the importance which the binary notation would assume 
with the advent of information theory and digital computation. Moreover, the use 
of common or base-10 logarithms in communication was being stimulated by the Bell 
System's promotion of the Transmission Unit and later the decibel, as recounted in Section 
5.1.1 of Chapter 4. 
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pressure, depended on the sensation level only, being 1 for sounds 
near the threshold of audibility but rapidly rising to 3 in the middle 
and high intensity range. Sensation level, as used here, was a term 
arising in earlier work based on root-mean-square pressure (with 
respect to threshold of audibility for a 700-hertz tone), but not on 
the weighted pressure spectrum. . 

Experiments showed that in such voice-like sounds, since there 
is no overlapping of excited regions along the basilar membrane at 
low intensities, components which would not be strong enough to be 
heard alone do not, in ensemble, contribute to the loudness. Hence 
the above summation was properly applied only to those components 
with pressures above their minimum audible pressures when heard 
alone. With other types of sounds, where the various components 
were not multiples of a fundamental voice pitch and were too close 
together to be resolved by the ear, this independence, of course, 
did not hold and it was necessary to modify the formulation by an artifice 
that considered the totality of energy in each of a plurality of narrow 
bands, of which each could be considered as a single frequency. 

Like many of the investigations we are mentioning in speech and 
hearing, the study of subjective loudness entailed large amounts of 
experimental data painstakingly planned and recorded. Such data 
are of permanent usefulness because they relate to unchanging 
human characteristics, not to devices or materials that will become 
obsolete with advances in technology. The more immediate usefulness 
of Steinberg's results was in other investigations where it was neces- 
sary to calculate how much the sensation level of one sound had 
to be changed so that its subjective loudness would be the same 
as some other sound. Examples would be the case where a portion 
of the frequency range was to be removed from a complex sound, 
or the case where known amounts of distortion were to be intro- 
duced into a system and the effect on loudness would have to be predicted. 

Equally fundamental in character, and likewise exhaustive and re- 
quiring new refinements in experimental gear, were the dynamical 
studies of the vowel sounds in speech, as reported in 1924 by 
Crandall and Sacia in the paper listed as reference ( viii ), supple- 
mented by graphical records of semivowel and consonant sounds 
as reported in Crandall's 1925 paper ( loc . cit.). The anatomy and 
physiology of the speech organs producing these sounds had, of 
course, been well known to the Bells, Alexander Graham Bell him- 
self having been a teacher of vocal physiology; and the brilliant 
investigations of Helmholtz, cited early in this section, had provided 
a sound basis for the view that the oral cavities could be con- 
sidered as resonators, responsive or unresponsive to the various 
Fourier components of the sound wave originating at the vocal cords. 
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The oral cavities constitute a vibrating system of two or three degrees 
of freedom, the theory of which had been developed by Rayleigh 
and others, and it could be expected that the vowel qualities would 
be well accounted for by postulating harmonic forced vibrations in 
these cavities. There had evolved, however, a supposedly competing 
theory whereby the "characteristic" frequencies of the vowel sounds 
were the natural vibrations or transients in the oral cavities when 
excited impulsively by the (more or less) periodic puffs of air from 
the glottis, the opening between the vocal cords. According to this 
"inharmonic" or transient theory, no harmonic relations need exist 
between the characteristic frequencies of the vowels and the funda- 
mental or cord tone accompanying them, and the classical Fourier 
analysis would not be considered applicable in resolving the vowel 
sound into simpler components. A number of investigators had 
constructed machines on this principle which, like others based on the 
forced or harmonic theory, produced sounds resembling human speech. 

This difference of views was closely analogous to the controversy 
concerning electrical network theory reported in Section II of this 
chapter, wherein the transient approach of Heaviside had to be 
reconciled with a "steady state" approach having more practical useful- 
ness in telephone engineering. And, as in that case, it became 
appreciated that the two methods of analysis were fundamentally 
the same and would yield similar results, as would the experiments, 
when properly interpreted. Speech being a variable phenomenon, 
with the cord tones often unstable and with rapid elision from one 
sound to another as both the pitch and the cavity configurations 
are manipulated, a certain lack of periodicity was to be expected 
in any recorded phenomena. In speaking, as distinguished from sing- 
ing, the way the sounds are started and ended has much to do 
with the ability to recognize them. The characteristics of the vocal 
cords determine the type of voice and identify the speaker, but 
it is the modulation of the cord tone that imparts the distinguishing 
characteristics that permit recognition of the many different sounds 
of speech. 

The analysis and interpretation of both vowel and consonant 
sounds made possible by the highly accurate waveform records of 
Crandall and Sacia shed much light on this aspect of human speech 
and its production. These records were the realization of an objec- 
tive sought by Alexander Graham Bell a half-century earlier, when 
the smoked-glass vowel tracings depicted in Fig. 1-2 of Chapter 1 
were the best that his crude phonautograph would yield. The 
tests of Crandall and Sacia made use of a Wente condenser trans- 
mitter, a multistage amplifier, and an oscillograph, all specially de- 
signed and calibrated, the overall response being substantially free 
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of amplitude and phase distortion up to a frequency of 5,000 hertz. 
Illustrative of the specialized character of this apparatus was the 
final stage of the amplifier, which employed eight vacuum tubes 
in parallel to act as a "current transformer" working into the low 
impedance of the oscillograph vibrating element. To assure them- 
selves of the fidelity of the system, the experimenters generated 
square-topped acoustical waves up to 300 hertz in frequency and 
determined, from observation of the oscillogram under this severe 
test, that the highest harmonics they sought to observe were being 
faithfully registered. 

In selecting the vowel sounds to be analyzed, Crandall and Sacia 
made use of the "vowel triangle" or diagram shown in Fig. 10-26, 
well known to phoneticians. In this diagram there are eleven standard 
"pure vowel" sounds from oo to long e , with two related vowel sounds 
ar and er interpolated in their proper places. The diagram also 
shows four "transitional" vowels, with arrows indicating direction of 
transition. The triangle is intended to represent the change in lip 
and tongue positions as different sounds are made, beginning with 
the oo sound, where the lips are rounded, the tongue raised, and 
there is a large resonating cavity in the front part of the mouth 
and a smaller and less important one in the throat. Passing down 
the left side of the triangle from oo to a (as in father), the mouth 
is gradually opened and the tongue lowered, the throat resonance 



Fig. 10-26. The "vowel triangle" used by phoneticians to illustrate (left to right), 
in a rough manner, the lowering and subsequent raising of the tongue and the 
gradual opening and subsequent partial closing of the mouth as the indicated sounds 
are uttered. 
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playing only a minor part. The sound a ( father ) is, as it were, 
the center of gravity of the diagram and occupies the key posi- 
tion in the phonetics of most languages. Going up the right side 
of the triangle from a to long e, the tongue is gradually raised 
to the front part of the mouth, thus forming two major resonance 
chambers. It was therefore an object of the Crandall- Sacia study 
to correlate the waveform analysis with the resonances that might 
be expected from these configurations of the oral cavities, and also 
the nasal cavities, whose role becomes dominant in the case of 
sounds like m, n, and ng. 

The Crandall-Sacia results included 160 graphical records of vowel 
and consonant sounds, of which 104 were vowels. All records were 
subjected to painstaking analysis by ruler and compass. The subjects 
were four men and four women, and in each case, the duration 
of the sound was less than a second, the average being less than 
0.5 second. In each case, with the vowel sounds, there was observed 
(1) a building-up period in which the oscillations rose from zero 
to an amplitude that showed all the components clearly; (2) a middle 
period in which the general amplitude remained nearly constant; 
and (3) a period of decay in which the components disappeared 
and the oscillation gradually lost its characteristic waveform. 

In a typical case, the sound oo (as in pool) pronounced by one 
of the male speakers, period (1) was 0.05 second, period (2) 0.20 
second, and period (3) 0.06 second; total duration was 0.31 second. 
The fundamental or cord tone was observed to be 102 hertz at 
the start, rising to 108 in the middle, and rising to 120 at the end. 
The low-frequency "characteristic,” i.e., first apparent cavity response, 
was measured as 400 at the start, 430 in the middle, and 440 at 
the end. Its amplitude was greater than that of the fundamental, 
and it was approximately a fourth harmonic, but its amplitude 
variation during the cycle suggested a transient. A high-frequency 
component of 3,300 to 3,600 hertz was observable throughout, with 
amplitude variation again suggesting a transient. It was not prac- 
tically possible to relate these frequencies harmonically to the fundamental. 

By taking special pains with the optical system to ensure fine 
definition and strong illumination, and developing the films for 
maximum contrast, it was possible to make the records sufficiently 
clear to permit reproduction by the line-engraving process so that wide 
distribution of the results was practical. To illustrate the clarity of 
the result and its usefulness to investigators. Fig. 10-27 shows two 
short sections (from Crandall's 1925 paper), each of 0.01-second dura- 
tion, at instants spaced 0.1 second apart as a single sound was being 
pronounced. Both lower and higher frequencies are clearly reproduced. 

The detailed inspection and analysis of all the oscillographic wave- 
form records were formidable tasks, but they furnished new insights 
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Fig. 10-27. Short sections (each 0.01 second) from the record of a single speech 
sound as finally reproduced for publication, including a 1,000-hertz timing wave. 
(Redrawn from I. B. Crandall, 1925) 


into the comparative structure of the different vowel sounds, and 
the records themselves were basic material from which more ex- 
tended studies could be made. In particular, to obtain quantitative 
information on spectral energy distribution, a machine method of 
waveform analysis devised by Sacia 70 was applied to all of the records. 
By the use of an endless belt, the records, of which a single one 
was, of course, a non-periodic function representable analytically by 
a Fourier integral, were passed repeatedly through the analyzer to 
build up periodic functions whose magnitudes were related to 
those of the infinitesimal components of the Fourier integral. Using 
averaging methods, the results could then be plotted as the sound 
spectra for these vowels for the four male and four female voices. 
To avoid undue emphasis on the low frequencies, whose energy 
content is large but to which the ear is less sensitive, the ordinates 
(proportional to acoustic pressure amplitudes) were corrected for 
relative ear sensitivity in accordance with Fletcher's 1923 curves, which 
we have already noted in Fig. 10-21. 

Reproduced here as Fig. 10-28 are two such sound spectra, selected 
out of 13 published by Crandall and Sacia, corresponding to the 
13 vowels noted on the triangle of Fig. 10-26. These represent the 
sound u (put), well up on the left side of the triangle, and the 
sound i (tip) well up on the right side. The difference in energy 
distribution is clearly depicted, corresponding to the single-cavity 


70 "Photomechanical Wave Analyzer Applied to Inharmonic Analysis,"/. Opt. Soc. Am. 
and Rev. Sci. Instr., October 1924. 
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u(put) 



Fig. 10-28. Spectral energy distribution for two vowel sounds, one on each side of 
the vowel triangle, portraying the effects of single-cavity resonance (upper curves) 
and double-cavity resonance as determined by tongue and mouth positions. Ordinates, 
representing sound pressure, are arbitrary but are corrected for ear sensitivity. The 
full lines are for male voices, the dotted for female. (Redrawn from papers by 
Crandall and Sacia) 


and double-cavity resonances characterizing these sounds. One of the 
important conclusions from study of the spectral diagrams was that 
the ratio of resonant frequencies is an important clue in the aural 
interpretation of vowel sounds, whether male or female. "It is only 
in this way," noted Crandall, "that we can account for what is a 
matter of universal experience in using the phonograph, namely, 
that moderate variations from normal speed in recording and re- 
producing speech leave the vowel sounds still intelligible." 

Crandall and Sacia applied the same analysis to the semivowels 
l, ng, n, and m, and also studied the waveforms of the various 
consonants, voiced and unvoiced, seeking those subtle differences 
that constitute the niceties involved in the miracle of articulate speech. 
As these fine distinctions were traced, easily observable to the ear, 
it was found more and more that transients and minute modula- 
tions of higher frequencies during the fundamental cycle played 
an essential role. "For the present," wrote Crandall, "the record is 
the important thing, and we believe that a set of faithful records 
opens a new prospect in the field of speech investigation." 

Other able scientists in America and abroad, too numerous to 
list here, were carrying out types of experiments in the 1920s 
that supplemented and reinforced the studies of Fletcher and Crandall 
and their colleagues. Not all of these depended on the new technologies 
associated with the telephone. Especially noteworthy were the achieve- 
ments of Sir Richard Paget, who with great ingenuity devised 
experiments using comparatively simple equipment, supplemented by 
an exceptionally keen sense of hearing and pitch. For example. 
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Paget trained himself with great patience to identify the individual 
overtones of speech corresponding to the primary resonances in 
the oral cavities. The observations he reported were referred to 
repeatedly by Crandall and Sacia in their own analysis of sound spectra. 

In another related area, G. O. Russell, 71 director of the Phonetics 
Laboratories at Ohio State University, contributed greatly to the under- 
standing of the vocal tract with his X-ray photographs in the median 
plane of the head, taken during speech, supplemented by cross 
measurements by means of "palatograms" and a "laryngo-periskop" 
that he had devised. Much of the theory concerning resonances 
had previously been based on dimensions that were conjectural. 

H. K. Dunn, who joined the Fletcher- Crandall group in 1925 
(the first year of Bell Telephone Laboratories) with a doctorate 
from the California Institute of Technology, was later to become a 
principal worker in vocal tract theory and experiments. Dunn's first 
studies 72 were in statistical analysis of spectra of speech and music. 
As knowledge of speech spectra accumulated, Dunn was to take special 
interest, beginning in the 1930s, in relating this knowledge to the 
physiology of the vocal tract in terms of equivalent mechanical 
cavities and constrictions, leading eventually (after the diversions of 
World War II) to an electrical analogue 73 of the tract wherein the 
masses and compliances, including the highly variable constrictions 
between cavities, could be simulated by adjustable electrical elements 
in accordance with transmission line theory. 

Dunn's apparatus, excited by an electric wave generator comparable 
to the vocal cords in harmonic output, could produce the whole 
series of English vowels, not perfectly but distinctly better (because 
of the distributed constants) than was possible with the cavities repre- 
sented by ordinary tuned circuits. 

Thus the understanding of electrical-mechanical analogues we have 
mentioned earlier, supplemented by transmission line and network 
theory expertise, all bom in a telephone laboratory, found another 
application more than a decade later that would be useful in checking 
vocal tract theory and investigating the phonetic effects of the inde- 
pendent movements of the articulating elements. 

The findings in the mid-1920s on the nature of speech emphasized 
that its phonetic quality is associated not with the precise form of 
its pressure fluctuations but rather with its frequency content. The 


71 Russell's book. The Vowel, Ohio State University Press, 1928, includes a historical 
summary of vowel theories going back more than two centuries. 

72 “Absolute Amplitudes and Spectra of Certain Musical Instruments and Orchestras," 
/. Acoust. Soc. Am., January 1931. 

73 “The Calculation of Vowel Resonances, and an Electrical Vocal Tract," ]. Acoust. 
Soc. Am., November 1950. 
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vowels and semivowels derive their color from vocal tract resonances 
that result in "groupings" of cord tone harmonics in the vicinity 
of the cavity resonances, the groupings being known as formants. 
Fricatives and plosives, on the other hand, are characterized by 
smudges of energy that are relatively broad in the frequency 
dimension. The flow of speech is a combination of these features 
into a dynamically varying whole. It was these findings, together 
with the developments of that period in electronics and circuit 
theory, that began to pave the way for synthetic generation of speech, 
a dream more than a century old but realizable only in cumbersome 
mechanical ways. H. W. Dudley, who joined Western Electric in 
1921, became an active worker in this field. Dudley was an electri- 
cal engineering graduate of Penn State who later did postgraduate 
work at Columbia. 

Starting with a device 74 that Bell people called the "voder" (voice 
demonstrator), employing a bank of ten electrical resonators excited 
selectively from an electrical buzz or hiss source by pressing keys, 
Dudley proposed (in the 1930s) to go a step further and control 
such a device directly and instantaneously from the voice of a speaker. 
The implications of this proposal were exciting, since only the con- 
trol signals (which would be telegraph-like and narrow-band, corre- 
sponding to the slow maneuvering of the vocal tract muscles) would 
have to be transmitted over a line. Thus the vocoder (voice coder) 
principle had obvious possibilities for systems where security might 
be of overriding importance and the quality of speech a secondary 
matter. We have already seen that the infinite subtleties of human 
speech could scarcely encourage hope for a truly natural speech 
from any but a human source. 

Of more immediate usefulness was a device called the artificial 
larynx, which actually used the cavities of the human vocal tract 
but supplied the air stream through a tube inserted in the speaker's 
mouth and including a buzzing reed, activated by the air flow (or 
turned off, for unvoiced sounds). Described 75 by R. R. Riesz, who 
came to Western Electric in 1925 from the physics faculty at Wiscon- 
sin, the device was later used by thousands of people who had lost 
their vocal cords through surgical procedures. In such persons, the 
windpipe terminated (Fig. 10-29) in a hole in the front of the neck, 
and the lungs were thus able to supply the necessary air stream by 
connecting the tube to this opening. In later years, refinements 

74 An early form of electrical speech synthesizer was designed by J. Q. Stewart, 
a Ph.D. in physics from Princeton who was with AT&TCo from 1919 to 1921 and 
then returned to Princeton. A somewhat similar one was demonstrated publicly 
by Fletcher in New York (1924). 

75 R. R. Riesz, "Restoring Speech," Bell Laboratories Record, September 1929. 
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Fig. 10-29. In the artificial larynx, the normal passageway for air through the 
vocal cords (left) is replaced by tubing attached to a breathing hole in the neck 
(right). The airflow from the lungs then actuates a vibratory metal reed, injecting 
sound vibrations into the mouth, where they can be modulated by the same cavity 
resonances as in normal speech. (Redrawn from R. R. Riesz, 1929) 


would become possible to improve the flexibility of the device (for 
example, by electronic generation and control of the "cord tone") 
and to increase the convenience of use. 

While the artificial larynx, manufactured by Western Electric and 
distributed at cost, exemplified the kind of useful by-product 76 that 
can arise from a fundamental research program, it also deserved 
notice as a demonstration of the often-observed eagerness of sup- 
posedly "detached" scientists to make their findings useful when hu- 
man needs can be served. 

The new techniques for acoustical measurement that were evolv- 
ing in the 1920s were naturally of great benefit in the developing 
field of architectural acoustics. Moreover, radio broadcasting and 
the increasing use of microphones and loudspeakers for entertain- 
ment imposed more stringent requirements on the acoustical proper- 
ties of rooms and auditoriums as well as studios — requirements 
that must now reflect the new understandings of subjective effects, 

76 The artificial larynx is but one example of the many useful products that have 
resulted from Bell System research. Others from the field of speech and hearing and 
acoustics include the audiometer, hearing aids, high-fidelity recording and repro- 
duction, and sound motion pictures. It is not the purpose of this volume to list 
the many hundreds of innovations in science and engineering that have helped 
create new industries (outside the Bell System) and new products. A Bell Laboratories 
1971 publication, Impact, Library of Congress Catalog Card Number 79-157516, is 
a compilation of many of these. 



956 


Engineering and Science in the Bell System 


including noise, reverberation, distortion, and frequency response. As 
a result, acoustical engineers in various laboratories who had been 
considering formation of a society to be concerned chiefly with archi- 
tectural acoustics became interested in enlarging its scope to include 
workers in all branches of acoustics, an idea supported enthusiasti- 
cally by Fletcher and his colleagues at the newly formed Bell Tele- 
phone Laboratories. Prominent among those promoting this concept 
were D. C. Miller of the Case School and V. O. Knudsen of the Uni- 
versity of California, both of whom we have mentioned in this sec- 
tion as important contributors in acoustical theory. 

This was the genesis of the Acoustical Society of America, formally 
founded in 1929 with Fletcher of Bell Laboratories serving as its 
first president. Its list of charter members included 89 from the Bell 
System. In the years following, the Journal of the Society has been 
one of the major channels through which Bell System scientists 
concerned with speech, hearing, and acoustics in general have pub- 
lished their contributions in these fields. Accordingly, in a subsequent 
volume where these contributions of the 1930s and later years can be de- 
scribed more fully, numerous references will be made to J.A.S.A. papers. 

For the decade immediately following the mid and late 1920s, to 
which the present volume must be limited, we only indicate here 
the continuing scope of Bell System interest in the field pioneered 
by Helmholtz, Rayleigh, and the Bells . We do this by listing a few publica- 
tions, selected from a large number: 

L. J. Sivian, "Speech Power and Its Measurement," Bell System 
Technical J., October 1929. 

R. L. Wegel, "Viscosity in Solids," Bell Laboratories Record, November 
1929. 

W. A. MacNair, "Optimum Reverberation Time for Auditoriums," 
J. Acoust. Soc. Am., January 1930. 

R. L. Wegel, "Theory of Vibration of the Larynx," Bell System 
Technical J., January 1930. 

H. Fletcher, "Space-Time Pattern Theory of Hearing," J. Acoust. 
Soc. Am., April 1930. 

J. C. Steinberg, "Effects of Phase Distortion on Telephone Quality," 
Bell System Technical J., July 1930. 

E. H. Bedell and E. C. Wente, "Chronographic Method of Meas- 
uring Reverberation Time,"/. Acoust. Soc. Am., April 1930. 

R. L. Wegel, "Study of Tinnitus," Archives of Otolaryngology , August 
1931. 
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L. J. Sivian, “Acoustical Impedance of Small Orifices,” J. Acoust. 
Soc. Am., October 1935. 

A. L. Thuras, R. T. Jenkins, and H. T. O'Neill, "Extraneous Frequencies 
Generated in Air Carrying Intense Sound Waves," J. Acoust. Soc. 
Am., January 1935. 

H. Fletcher, "Newer Concepts of the Pitch, Loudness, and Timbre 
of Musical Tones,"/. Franklin Inst., October 1935. 

E. C. Wente, "Principles of Measurements of Room Acoustics," 
Soc. Motion Picture Engineers /., February 1936. 

W. B. Snow, "Change of Pitch with Loudness at Low Frequencies," 
J. Acoust. Soc. Am., July 1936. 

J. C. Steinberg, "Positions of Stimulation in the Cochlea by Pure 
Tones,"/. Acoust. Soc. Am., January 1937. 

H. Fletcher and W. A. Munson, "Relation Between Loudness and 
Masking,"/. Acoust. Soc. Am., July 1937. 

H. Fletcher, "Mechanism of Hearing as Revealed Through Experi- 
ment on the Masking Effect of Thermal Noise," Proc. Nat. Acad. 
Sci. U. S., July 1938. 

The papers listed above do not, by their titles, herald startling 
advances, and in fact represent for the 1930s mainly a consolida- 
tion and perfecting of the art that had blossomed with such rapidity, 
as we have seen, in the previous decade. More spectacular would be 
creations of the 1940s, including the sound spectrograph and the 
beginnings of digital representation of speech signals. 

In these later achievements, R. K. Potter was to figure prominently 
as a leader and an innovator. The Bell System career of Potter, 
from its beginning in 1923, is a particularly interesting example of 
the research mind in an orderly attack on fundamental problems. 
With degrees from Whitman College and Columbia, he was first 
concerned, along with Bown and others at AT&TCo whom we have 
mentioned in Section II of this chapter, with problems of speech 
quality in broadcast and other radio systems where transmission 
irregularities could lead to serious impairments. Such problems were 
especially acute when voice signals were "scrambled" for purposes 
of privacy, using methods described in Section 4.3.5 of Chapter 5. 
Later, when Potter was Director of Transmission Research at Bell 
Laboratories, the observation and recording methods he had developed 
were to provide a basis for instant visible portrayal 77 of the energy- 


77 R. K. Potter, G. A. Kopp, and H. C. Green, Visible Speech, Van Nostrand, 1947. 
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frequency content of speech, whereby deaf subjects learning to speak 
could continuously observe an “on-line” record of their own voices. 
The detailed techniques involved in instantaneous sound spectro- 
graphy, and the invaluable uses to which the sound spectrograph could be 
put in speech research, must be left for recording in another volume. 

Early in Chapter 4 we indicated that conventional “analog" repre- 
sentation of speech waves would at some distant time give way, for 
some purposes, to the use of digital methods; i.e., the dissection 
of the voice wave by sampling methods for the purpose of either 
“time-division multiplexing" or coding for improved transmission. 
It was Potter who was to take the lead, in the 1940s, in exploring and 
promoting this radical departure, which ultimately would have pro- 
found consequences in the transmission plant of the Bell System. 

It is universally appreciated that digital representation of speech 
and other signals, like many other advances of the last two decades 
(looking back from the 1970s), could scarcely have become practical 
had it not been for solid-state technology, manifesting itself most 
spectacularly in the transistor and in the microminiaturization that 
has made complex circuitry manageable and economical. Perhaps not 
so well appreciated are the many hundreds of earlier, less publicized 
advances in the chemistry, metallurgy, and processing of materials, 
and the advances in physics whereby the properties of materials of 
the period up to the 1930s could be understood and predicted. In 
the present section and in Section II we have said little about the 
physical materials of which communication apparatus is made and 
through which communication research is conducted. Thus we are led to 
Section IV, which deals specifically with research in these fields and 
records many contributions thereto by the Bell System. 

IV. RESEARCH IN THE SCIENCES OF MATERIALS 

American Bell's first physicist-engineer, Hammond Hayes, rightly 
saw as telephony's first intellectual problem a better understanding 
of electric wave propagation along wires. His associate Campbell was 
able to demonstrate, following the brilliant revelations of Heaviside, 
how such waves could be induced to travel with much less attrition 
by reducing the burden on the conductors. This was accomplished 
by depending on lower ohmic currents in the conductors while 
placing greater stress on the dielectric — which in the earliest days 
was mainly air, but also involved insulators mounted on poles and 
exposed to the weather. Thus the properties of materials were of 
fundamental importance from the outset: the resistivity of copper 
— which, thanks to the magnanimity of nature, was only a few 
percent higher than that of silver, the best conductor of all — and 
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the dielectric constants and loss factors of those earliest insulating 
materials, glass and porcelain, and their counterparts for cables, 
such as rubber, cotton, and gutta percha. 

Moreover, the loading coils through which Campbell brought 
about this transmission improvement turned out to be most successful 
when employing iron cores, and here the losses inherent in ferro- 
magnetic materials (by way of hysteresis and eddy currents) at voice 
frequencies introduced a third problem of a strictly materials char- 
acter, not faced in the telegraphic arts. 

Thus telephony, because of the frequency range and the subtle 
frailty of its minute currents, made demands that had not surfaced 
before, quite apart from the intrinsic economic and structural impor- 
tance of materials in an industry whose physical plant, even before 
the turn of the century, had become enormous by any standard. 

Yet, at the time of the consolidation of Western Electric's labora- 
tory facilities at West Street in New York City in 1907, as related 
in Section 2.4 of Chapter 2, the need for truly fundamental re- 
searches in the sciences of materials had not become widely appre- 
ciated. The engineers, chemists, and metallurgists responsible for 
selection and process control of the vast quantities of lead, copper, and 
iron, of paper and textiles, of rubber and asphaltic compounds used in 
the Bell System were therefore practitioners of an extensive ac- 
cumulation of art dating from the beginnings of electrical science and 
benefiting from the experiences of the telegraph and power industries. 

The chemical specialists in the original West Street laboratory num- 
bered only five, under Jonathan W. Harris, a Michigan graduate in 
chemical engineering who had headed up similar work for Western 
Electric in Chicago. The group included a member from the AT&TCo 
Boston Laboratory, G. O. Bassett, an M.I.T. graduate and chemical 
engineer, whose name appears on the 1895 and 1905 rosters of that 
laboratory as shown on Figs. 2-7 and 2-8 in Chapter 2. One of the 
primary functions of these specialists was chemical analysis, whereby 
the degree of purity of a submitted material could be determined 
and the foreign substances identified. While this activity tended to 
identify the role of the chemists as largely that of a service group, the 
record 78 shows an aggressive assault on broader materials problems as 
instrumentation and methodology improved. Typical of these problems, 
in this case a problem of cost, was the search for a substitute for tin to be 
alloyed with lead in the fabrication of cable sheath. This search culmi- 
nated in 1910, after four years of study and testing, in the adoption of a 

78 "Seeking the Better Material and the Better Method," Western Electric News, 
November 1916. (This article describes the work of the chemical branch of the 
Engineering Department.) 
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Fig. 10-30. A pair of photomicrographs taken in the Western Electric chemical 
laboratory. Above, a view of the normal crystal structure of lead-antimony cable 
sheath (Magnified 100 times). Below, the same type of sheath after severe physical 
strain (magnified 200 times). (Western Electric News, November 1916) 
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lead-antimony alloy that saved large sums. Problems of physical strain 
in cable sheath had to be carefully studied, the crystalline structure of 
the metals portraying such deformations clearly through the technique 
of photomicrography (Fig. 10-30). Similarly, microscopic studies of the 
fibrous textures of dielectric materials (Fig. 10-31), as employed in 
cable insulation and in great quantities of condensers, were a part of 
the arsenal of analytical weapons leading to the development of newer 
and better dielectrics. 

Fine detail at magnifications of 100 or 200 diameters, as typified in 
these figures, did not remotely approach what was theoretically possible 
with the apertures used and at the wavelengths of visible light. Through 
the outstanding work of F. F. Lucas, who came from the Operating 
Companies to Western Electric in 1910, techniques were developed 
for increasing the useful magnification to several thousand diameters, 
with full crispness of the image. Striving to reveal the nature of the 
granular structure of metals, to observe the survival of a fungus in 
wood cells, to bring within the range of vision the dispersion of colloid 
particles in other media, Lucas and his colleagues made their ad- 
vances over a period of years by painstaking improvements in the 
optical system so as to approach the theoretical resolving power, and 
by improvements in methods of preparing specimens for brilliancy 
and contrast in observation, often with the help of color. Thus the micro- 
structure of many elusive substances became better understood so that 
they could be used more advantageously in the manufactured product. 

These achievements in microscopy brought many honors to Lucas, one 
of those scientists who, though lacking an advanced education, are able 
to discern profitable spheres of application for their gifted inquisitiveness. 

In cooperation with the Zeiss staff in Jena, Lucas was to bring about 
in the late 1920s a further spectacular advance, the development of 
the ultraviolet microscope, taking advantage of the shorter wave- 
length to yield twice the detail as well as other advantages. 

In later years, the electron microscope, developed at the Radio 
Corporation of America, was to increase useful magnification (in 
vacuo) to the tens of thousands. 

While these new avenues to closer scrutiny of materials structure 
had not yet been opened in the decade 1910-1920, nevertheless 
telephone scientists of that period could see hopeful signs; for, imme- 
diately after the beginning of the century, electron theory and the 
Rutherford- Bohr atomic model were infusing new excitement into 
the speculations concerning the composition of matter. Chemical 
reactions, all thoroughly catalogued, were known to be characterized 
by a strict proportionality determined by the "valences" of the ele- 
ments involved; but not until the atom was seen as a planetary system 
composed of a central nucleus and orbiting electrons, had it been sus- 
pected that chemical affinity or valence was a property controlled by 
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the number and disposition of electrons in an outermost orbit or 
shell, these being the most distant from the nucleus and hence most 
easily detached, or added to, as the interaction with other atoms 
might require. There was therefore a hope that the making and 
breaking of chemical bonds might be analyzable through advances 
in electromagnetic theory, rather than being imputed to the action 
of some sort of "hooks" that could mysteriously engage and disengage. 

It was one of the triumphs of chemistry to have posed the problem 
of chemical reactions in such challenging terms, with the phenomena 
catalogued in such detail as to force upon mathematical physicists 
the necessity of inventing a model of the atom that could provide 
some rational explanation for their observations. The concept of 
hard elastic balls, their collisions governed by statistical laws, had 
served usefully as a basis for the great advances in thermodynamics 
in the mid- nineteenth century; but it had not been chosen to explain 
even the simplest chemical reactions or to account for the radiation 
spectrum of hydrogen, the simplest of atoms. The Periodic Table of 
the elements, originating (1869) with the Russian chemist Mendeleev, 
proved (as later modified) to be the most useful method of classifying 
the elements and comparing their properties; but it only emphasized 
the challenge to physics, for it strongly hinted at an intricate inner 
dynamism in the atom that would prove even less tractable mathe- 
matically than the many-body problem of astronomy. 

Moreover, the challenge was sharpened as chemists continued 
laboriously, around the turn of the century, to fill in the vacancies in 
the Periodic Table and thereby spotlight certain anomalies that re- 
quired courageous interpretation. It was necessary, first, to reverse the 
accepted order of elements in three cases — putting argon before 
potassium, cobalt before nickel, and tellurium before iodine, thus 
testifying to a faith that there must be something more fundamental 
than "combining weights" governing the nature of chemical ele- 
ments. Then, in several instances where the Periodic Law implied 
that there ought to be an additional element between two apparently 
consecutive ones, the chemists audaciously left a vacant space between 
the two for an element still unknown but presumed to exist; and 
some of these elements were soon afterward discovered, thus justi- 
fying the faith in a most impressive way. 

But of the nature of the fundamental "something" leading to these 
anomalies, there was no inkling except for the suspicion that it in- 
volved the nucleus. As Bell chemists and others studied the elements 
of the Periodic Table, they noted that the "atomic" weights of the 
first ten, as observed in chemical combinations, were as follows: 


H 

He 

Li 

Be 

B 

C 

N 

O 

F 

Ne 

1.008 

4.00 

6.94 

9.02 

10.83 

12.00 

14.01 

16.00 

19.0 

20.20 
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Out of this group, six had "combining" weights that are integer 
multiples of one-sixteenth the combining weight of oxygen 79 (within 
observational error), while four (hydrogen, lithium, boron, and neon) 
certainly did not. Thus arose the most stimulating situation that can 
confront the scientist: a manifest rule restricted by undeniable exceptions. 

The key to these anomalies did indeed reside in the nucleus; and 
it was to be found through careful spectroscopic experiments that 
there could be more than one "nucleus" of hydrogen, lithium, boron, 
and neon, and of many other elements; and that the observed "atomic" 
weight was merely a weighted average of these, the two or more varieties 
being dubbed isotopes. For each of the isotopes characterizing an ele- 
ment, the number n of orbiting electrons, each of negative charge e , 
was to be the same; the positive charge on the nucleus (ne) was to be 
the same; and the chemical properties of the atom consequently 
almost identical. But the mass of the nucleus, and hence the atomic 
weight, was to be greater than the mass of n protons by a factor that 
averaged around 2 over the range of approximately 90 elements. 
Thus atomic weight became dethroned, giving way to atomic number 
(the nuclear charge) as the primary attribute of an element for deter- 
mining its place in the Periodic Table. 

It was the additional chargeless mass in the nucleus, approximately 
doubling its weight (even for an isotope of hydrogen, known as deu- 
terium), that was to confound theoreticians until the discovery of the 
neutron by Chadwick in England in 1932. For, even after the discovery 
of the electron 80 in 1897, the notion had prevailed of the atomic 
"nucleus" as a sphere or pudding of positive charge in which the 
electrons were somewhat passively embedded. Such a concept would 
have been difficult to reconcile with the elaborate systems of highly 
discrete spectrum lines observable in the radiations from even simple 
atoms when in excited states, such measurements being among the 
most precise in all experimental physics. Moreover, the "pudding" 
concept was shattered when Rutherford and co-workers at the Uni- 
versity of Manchester found it necessary — after experiments per- 
formed about 1906 on the scattering of fast atomic projectiles im- 
pinging on thin metallic films — to consider the nucleus as being al- 


79 Oxygen had arbitrarily been chosen as the element whose atomic weight, assigned 
the integer value 16, would be the standard of comparison for all elements in the 
Periodic Table. 

80 The “discovery” cited was really the determination by Sir J. J. Thomson, at the 
Cavendish Laboratory at Cambridge, England, of the precise charge-to-mass ratio 
ehn of electrons. The actual charge on an individual electron was measured for 
the first time by Millikan at the University of Chicago twelve years later. Incidentally, 
the term electron itself had originated with the Irish physicist Stoney in 1891, but he 
was thinking of it as the natural (and indivisible) unit of electricity without reference 
to a discrete physical particle that would carry such a charge. 
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most incredibly small, with the electrons revolving at relatively large 
distances therefrom. 

Such a system appeared superficially amenable to the equations of 
classical dynamics, with electrostatic attraction merely substituted for 
the gravitational attraction of Newton. But, to the discomfiture of 
physicists who found the planetary concept enormously appealing, 
the theory appeared to collide with the well-established Maxwellian 
principle whereby an electron undergoing acceleration inevitably 
radiated energy, and would therefore be expected in such an orbital 
system to spiral in toward the nucleus and to emit a continuous 
spectrum as it did so. 

It was the Danish physicist Bohr who, in 1913, resolved this dilemma 
with two startling postulates: first, that an electron can revolve around 
a nucleus in certain specific orbits, designated by "quantum" num- 
bers 1, 2, 3, . . . related to its angular momentum, without radiating, 
so that the atom may remain stable; and second, that an electron 
may spontaneously undergo transfer from one of these specified 
orbits to another one of lower energy (lower quantum number), this 
transfer being accompanied by the radiation of a "packet" of electro- 
magnetic wave energy equal to the energy difference between the 
two orbits. The frequency v of the radiation, in terms of the two orbital 
energies Wj and W 2 , would be given by 

v= (W x - W 2 )lh, 

where h was a universal constant of "action" proposed by the German 
physicist Planck in 1900, the birthyear of quantum physics. 

Planck's proposal, and an extension thereof by Einstein in 1905, 
had represented a new audacity that was to characterize twentieth- 
century science, an audacity that would challenge concepts considered 
to be established beyond possible doubt. Radiation was now to be con- 
sidered as discontinuous, residing in minute wave packets or "photons," 
each possessing a "quantum" of energy hv — i.e., an amount strictly 
proportional to the frequency. Thus the photon was reminiscent of 
the "corpuscle" that had already been discarded in favor of the wave 
theory of light; for it could, by impact, wrench an electron out of 
one orbit and inject it into another of higher energy. Yet the photon 
could not be a corpuscle in the material sense, for its speed was the 
speed of light, and Einstein had already shown this speed to be un- 
attainable by a material particle. 

The new quantum physics, even in these earliest stages, explained 
puzzling effects observed in the spectrum of radiation from hot 
bodies and in the emission of electrons from surfaces exposed to 
light (the photoelectric effect first discovered by Hertz in 1887). The 
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Fig. 10-32. Innermost circular orbits (quantum numbers 1 and 2) for hydrogen 
according to Bohr's atomic model. Electron transitions to n = 1 from other orbits 
give rise to the Lyman Series of spectrum lines (ultraviolet). Transitions to n = 2 
from outer orbits would generate lines in the Balmer Series (visible). 


Bohr atom model, devised to be compatible with Planck's theory, 
was phenomenally successful in explaining the radiation (as well as 
absorption) spectra of the two simplest atomic systems — hydrogen 
and ionized helium — both of these being characterized by a single 
orbiting electron. For example. Fig. 10-32 shows the two innermost 
orbits (quantum numbers 1 and 2) when they are circular; elliptical 
orbits are also possible. With hydrogen, transitions from n = 2 (or 
more) to n = 1 give rise to the Lyman series of spectrum lines, which 
are in the ultraviolet. Transitions from orbits of higher quantum 
number to orbits n = 2, n = 3, etc., give rise to other well-known 
spectral series in the visible and infrared. In all these cases, there is 
agreement between calculated and observed wavelengths. 

But difficulties were to arise in applying the theory to elements of 
higher atomic number, even to normal helium whose atomic number 
was 2. There was something deeper than Bohr's orbital electron 
mechanics. This was wave mechanics, not to be conceived for another 
ten years, but destined to be the unifying principle of all atomic phe- 
nomena. And, as we shall see later, the laboratories of the Bell System 
were to be conspicuous in the resolution of a heightening paradox, 
the seemingly dualistic nature of electrons and waves. 

The handful of theoreticians in the Boston laboratory of AT&TCo, 
under the guidance of Hammond Hayes, had taken more than pass- 
ing notice of the revolution that was beginning around 1900. We 
have already noted, in Section II of this chapter, their alertness to 
the possibility of employing Roentgen rays for altering (at voice 
frequencies) the electrical properties of materials, in the hope of 
achieving amplification. We also noted the interest of Campbell, 
about the time of the move to New York (1907), in doing something 
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with electrons, in view of their known lightness and consequent 
mobility. But the first forthright declaration of war by the communi- 
cation industry on the redoubtable fortress of atomic science was 
the enlistment, in 1911, of physicist H. D. Arnold from the Uni- 
versity of Chicago. The mission, as spelled out by Jewett, was clear 
and urgent: to find out how electrons could be used to amplify speech 
currents and to organize an attack at whatever depth might be necessary. 

In Chapters 4 and 8, and in Section II of this final chapter, we 
have considered some of the practical problems of developing a useful 
and reliable electronic amplifier when the urgency was such that not 
all of the related phenomena could be fully explored. Here, we are 
concerned more with fundamental properties of materials that were 
intrinsic to the device chosen; most particularly with thermionic 
emission, for the phenomenon of electron emission from hot bodies 
was destined to be a subject of intensive study and experiment 81 in 
the Bell System for 40 years. 

It was understandable that Arnold, already expert through his 
work under Millikan in the area of electric discharges in gases, should 
choose to get under way by invoking the ease and copiousness with 
which carriers could be produced through ionization of mercury 
vapor; and this approach, described in Section 4.2.2 of Chapter 4, 
was not unproductive, leading as it did to a usable electronic repeater. 
What is most notable, reflecting on the challenges that confronted 
Arnold, is the decisiveness with which he cut loose from this approach, 
at one stroke, to the relatively clean-cut notion of straight thermionic 
production of electrons, with their passage to an output electrode 
controlled in a relatively simple manner by a third (generally non- 
current-carrying) electrode, the grid of de Forest. 

Up to this point in time, the academic world had been the primary 
source of knowledge concerning thermionic emission of electrons and 
the dynamics of electron and ion flow. The workers who laid the founda- 
tions in this field had for the most part been men who conducted 
their research without monetary motives and with little or no 
thought to any future commercial application. An industrial laboratory 
beginning to participate in this field was the beneficiary of their 
findings, of which three of the most notable within the decade had 
been Richardson's equation , the Wehnelt cathode, and Child's equation . 

In 1901, the British physicist O. W. Richardson published a theory 
of emission based on thermodynamical reasoning, wherein the free 
electrons in random motion within the material of a heated cathode 
were assumed to have a velocity distribution postulated by Maxwell 
("Maxwell-Boltzmann statistics''). That proportion of the electrons 

81 W. Wilson, “Reducing the Cost of Electrons, "Bell Laboratories Record, November 1926. 
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whose kinetic energies exceeded a certain value characterizing the 
material, and known as its work function (expressible in electron volts), 
would escape therefrom and could be induced to move to another 
electrode. Richardson's expression for the electron current I per 
square centimeter of heated surface was 

I = AT^e~ mT , 

where the constant^ depends on the units employed, T is the absolute 
temperature, and b is a constant depending on the emitting surface, 
relatively independent of temperature. Other and more accurate 
forms of the equation appeared later, some of them through further 
studies by Richardson himself and by Langmuir and Dushman of 
General Electric (U.S.A.). In these, other powers of the factor T 
appeared, as high as 2 or 3; but in general the expression and the 
experimental results were in close agreement, the shape of the emis- 
sion versus temperature curve in the critical region being controlled 
primarily by the exponential term. 

In 1904, Professor A. Wehnelt of Erlangen and Berlin disclosed that 
the electron emission from pure metals when heated was enormously 
increased by coating them with an oxide of one of the alkaline earth 
metals, 82 preferably barium or strontium or a combination thereof. 
His first such observations were made with calcium oxide. Thus, while 
the pure metals such as tungsten, platinum, tantalum, and molyb- 
denum were good emitters because they could be operated at much 
higher temperatures due to their high melting points, there was the 
potential for large savings in heating power as well as possible longer 
life by taking advantage of the much smaller work function charac- 
terizing the oxide coatings. The effect of the oxide coating is brought 
out strikingly by the curves of Fig. 10-33, from data taken some years 
later when the techniques of coating Western Electric tube filaments 
had been standardized and more accurate and reproducible meas- 
urements could be made. 

After the discovery by Wehnelt, many researchers in the universities 
were led to study emission from oxides under various conditions, 
generally under conditions of partial ionization because of the 
presence of one or more gases at low pressure. C. D. Child at Colgate 
University, studying the emission from hot calcium oxide, mathemati- 
cally analyzed the situation arising when the ion density might be 
sufficient to place a top limit on the discharge current because of 


82 The term "alkaline earth metals" had been used by chemists and metallurgists 
in reference to the elements barium, calcium, and strontium (with magnesium some- 
times included). These elements, in contrast with a univalent group known as "alkali 
metals," are bivalent and have an outermost orbital shell or subshell containing two 
electrons. 
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Fig. 10-33. Relative emission from oxide-coated filaments and tungsten filaments, 
demonstrating the greatly improved thermionic efficiency made possible through 
Wehnelt's discovery. (Redrawn from W. Wilson, 1926) 


Fig. 10-34. The combined effect on space current of Child's 3/2-power law and 
Richardson's law of thermionic emission for different cathode temperatures. 

mutual repulsion of the charges. Child found that this maximum 
current would be proportional to the 3/2 power of the accelerating 
potential applied to the anode. 

Had it not been for this “space charge" effect, the de Forest 
three-element device would never have worked, for the function of de 
Forest's grid, even if imperfectly understood by the inventor, was 
purely and simply to control the electron flow by reducing or 
enhancing, as desired, the limiting effect of the space charge due to 
the cloud of electrons in the vicinity of the cathode. 

Child's analysis was aimed at the case of a preponderance of 
positive ions over electrons; but the same approach was shown in 1913 
by Langmuir of General Electric to be applicable also to a space charge 
of electrons only; and the 3/2-power relation is consequently often 
referred to as the Langmuir- Child law. 

The combined effects of Child's and Richardson's equations are 
illustrated in Fig. 10-34, where Child's 3/2-power relation prevails up to 
a point where all of the emitted electrons are induced to move to the 
anode, whereupon (depending on the temperature of the emitting 
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cathode) the curve necessarily flattens. In telephone repeaters, only the 
left-hand region would be of interest. It should be noted that even at 
zero anode potential there is a small flow of space current. This is 
because a fraction of the emitted electrons have sufficient velocity to 
reach the anode unaided. 

Acquainted with the advances just listed, and confident of his 
conclusion that the three-element tube with highest possible vacuum 
was finally the right approach, Arnold plunged ahead in late 1912 with 
his program. Seeing far beyond the immediate necessity for a small 
number of amplifiers for a single coast-to-coast connection, Arnold's 
vision was of a long-distance transmission plant that would in a few 
years require many thousands of such devices, of uniform quality and of 
sufficiently long life and low operating cost to be economically 
feasible. At the same time, as a research physicist, he could not be 
satisfied with superficial answers to fundamental questions that 
presented themselves, even if some of these appeared to be of more 
scientific than commercial interest. The wisdom of this approach was 
to prove itself; for, while the oxide-coated cathode proved to be a 
complex chemical system with many baffling aspects, it was by far the 
most efficient of emitters, and over the next decade its superiority in 
terms of life, reliability, and emission efficiency were to be improved 
by large factors. 

Working closely with Arnold on these problems was A. M. 
Nicolson, of British parentage and educated mainly in South America 
and England, recruited late in 1912 after graduate study at Harvard. 
With Arnold coordinating the project and devoting much of his 
thought to structural design and electrode geometry, Nicolson concen- 
trated on the cathode, striving through exhaustive experimentation to 
bring coating methods under control so that the early repeater tubes, 
all necessarily handmade in the research laboratory, might last long 
enough, and manifest sufficient uniformity in characteristics, to serve 
their purpose while further knowledge could be brought to bear. 

Another felicitous find, discovered by Colpitts in 1914 and tem- 
porarily teaching at the University of Toronto, was the Englishman 
William Wilson, an honors graduate from Cambridge with a doctorate 
in physics from Victoria University at Manchester. Wilson's record of 
fundamental researches since 1907 under Rutherford and J. J. Thom- 
son, including a study of emission 83 from hot surfaces, presaged a 
distinguished career in science as he joined the growing phalanx of 
academically oriented men in the service of industry. We have already 


83 "Discharge of Positive Electricity from Hot Bodies," Philosophical Magazine, May 
1911; "Quantum Theory and Emission of Electricity from Hot Bodies," Proc. Phys. 
Soc. (London), August 1913. 


Spirit of Research 


971 


mentioned, in Section II, the enlistment of the South African van der 
Bijl in 1913, another of the proteges of Michelson and Millikan of the 
University of Chicago, where Jewett himself had been a graduate 
student. The contribution of van der Bijl 84 was broad indeed, covering 
not only fundamental physical phenomena such as electron emission, 
but those applications aspects that were the "coupling" between the 
device itself and the multitudinous uses (discussed in Section II) to 
which his "circuit" confreres Hartley, Colpitts, and Heising were 
eagerly applying it. Van der Bijl himself, taking advantage of the 
non-linear characteristics of a tube when operated over a wide 
amplitude range, was the originator of one of the first successful 
methods for generating voice-modulated radio waves. 

Thus Wilson, Nicolson, and van der Bijl composed the powerful 
team, under Colpitts and Arnold, that would handle the most 
fundamental problems of electron emission and control in these 
earliest years of Western Electric experience with the vacuum tube. It 
can be seen that these few years, from 1911 to the beginning of World 
War I, were marked by the same new spirit of university/industry 
relations in the materials sciences that we have already noted (Sections 
II and III) in electric communication theory itself and in the field of 
acoustics, speech, and hearing. At one end, this new rapport owed 
itself to the vision of men already in the industrial ranks like Jewett, to 
their intellectual stature and their warm relationships in the academic 
community. At the other end, it was much to the credit of distinguished 
university scientists, typified by Millikan, that they were able to recognize 
the fertility of a virgin industrial field such as electric communication for 
cultivation even by the academic type of scientist in a sufficiently 
stimulating environment and under wise leadership. 

We are not through with emission. The free and mobile electron, 
smallest and lightest of carriers, had established itself. No one could 
know that mastery of the science of materials and the physics of solids 
would one day reach a point where free electrons could be situated by 
design in the interstices of a crystal lattice. Accordingly, the literature 
of 1910—1930 is voluminous on thermionic work in many countries, 
where accurate measurements were ardently sought to verify or 
dispute Child's law and to determine the quantities A and b to be used 
in Richardson's equation. 


84 As early as 1913, just before coming to Western Electric, van der Bijl (having 
come from Leipzig) published in a German paper the fundamental equivalence 
(with respect to anode current) of grid potential variations and variations in anode 
potential when the latter were divided by a factor \x (to become known as the amplifi- 
cation factor of a tube) determined entirely by electrode geometry. Van der Bijl's 
book The Thermionic Vacuum Tube and Its Applications (McGraw-Hill 1920) was to be 
the classic in electronic engineering for many years. 
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Verification of Child's relation involved a complication, studied by 
Wilson at Western Electric in 1914, due to the potential drop along the 
cathode filament or ribbon itself, which tended to raise the apparent 
exponent to as much as 5/2, instead of 3/2, for low values of anode 
potential. Later the invention of the unipotential or indirectly heated 
cathode by his colleague Nicolson 85 was to circumvent this particular 
discrepancy. Other observations were complicated by the effects of 
small amounts of gas and other contaminants that could greatly affect 
the emission. These effects included bombardment of the cathode by 
positive ions created by collision of the electrons with gas molecules. 
Extreme measures had to be taken to eliminate occluded gases from 
the metallic and glass parts, which would be released at operating 
temperatures. Although it had already been established, for the case of 
pure metal emitters, that there was no basis for a “chemical'' theory of 
emission, it was not until 1920 that Arnold 86 could lay to rest, once and 
for all, the suspicion in many quarters that emission from oxide-coated 
cathodes had to involve chemical and gas effects and could not be a 
purely thermionic effect in its own right. 

For such fundamental studies, accurate and convenient measure- 
ment of gas pressure was essential. Until 1916, the only manometers 
available for measuring extreme vacua had been the Knudsen 
manometer and the Langmuir molecular gauge, both of which were of 
delicate construction and slow in action. A new manometer, using 
ionization of the gas by an electron discharge, was devised by O. E. 
Buckley 67 and proved to be free of these limitations and to handle a 
greater range of pressure. 

A graduate of Grinnell College with a doctorate in physics in 1914 
from Cornell, Buckley was to be responsible a few years later for 
pioneering work on high-speed telegraph cables, particularly the 
application of magnetic loading thereto; and, after being in charge of 
the Signal Corps laboratory in Paris in World War I, he was to become 
Assistant Director of Research under Arnold, and eventually (1940) 
President of Bell Telephone Laboratories. 

Buckley's manometer, which was the best ionization gauge for many 
years, was in essence one of Arnold's triodes located within the 
evacuated space being studied. The grid, being biased negative, acted 
as a collector of positive ions. In another version, the roles of grid and 
anode were interchanged. In either form, the ratio of positive 
“collector" current to electron current was shown by Buckley to be 

85 A. McL. Nicolson; U.S. Patent No. 1,459,412; filed April 16, 1915; issued June 
19, 1923. 

86 H. D. Arnold, “Phenomena in Oxide-Coated Filament Electron Tubes," Phys. 
Rev., July 1920. 

87 O. E. Buckley, "An Ionization Manometer, "Proc. Nat. Acad. Sci. U.S., December 1916. 
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proportional to the pressure and could be so used over a pressure 
range from 10 -3 to 4 X 10~ 6 mm of mercury. Simple in construction and 
exactly reproducible, the Buckley manometer also had the advantage of 
rapidity and ease of measurement of a varying pressure, since only the 
readings of a sensitive galvanometer (in the collector circuit) need be 
followed. These attributes were obviously of great value in a research 
program that of necessity involved measurements on thousands of 
filaments to find the best materials and processes for a demanding 
production program, and at the same time to unlock the secrets of 
Wehnelt oxide cathodes and remove some of the empiricism upon 
which further improvement seemed dependent. 

Thus, when the advent of World War I brought a need for far greater 
numbers of vacuum tubes for military applications, it was recognized 
that fundamental scientists as well as engineers would have contribu- 
tions to make; and the background of C. J. Davisson, then at the 
Carnegie Institute of Technology, led to his recruitment early in 1917 
for what was expected to be a temporary assignment in Arnold's 
laboratory, from which he expected to return to his academic post. Of 
particular relevance 88 to the immediate objective was his doctoral work 
in 1911 at Princeton, where he had worked under Richardson, who 
had come from England to take a professorship there. The field, a 
long-time interest of Richardson's, was the emission of positive ions 
from heated salts of the alkali metals. At that time, scientists had not 
yet realized that emission of electrons would soon become far more 
important than emission of positive ions. 

The atmosphere of urgency and intense activity of an industrial 
laboratory in wartime were in sharp contrast with the academic 
environment of Davisson's earlier years. The fact that he remained 
there for nearly 30 years would seem to be good evidence that Arnold 
and his associates knew how to stimulate Davisson's thoughtful kind 
of contributions, and that, as an individual, despite having little 
appetite for engineering problems, he found the same exhilaration as 
other pure scientists when they see their findings adapted to practical 
use. Davisson's office mate, less than a year later, was M. J. Kelly, who 
came with degrees from the Missouri School of Mines and Metallurgy 
and the University of Kentucky, and with his doctoral work in physics 
completed at Chicago. Kelly, an intense hard- driving scientist, 
impatient to get the job done, was of vastly different temperament 
from the quiet Davisson, but had the highest respect for his thoughtful 
and sound advice. The two maintained a warm friendship throughout 

88 Interestingly, earlier work by Davisson, likewise at Princeton and described in 
his 1909 maiden paper, had concerned the impingement of electron beams upon 
metal targets; and it was in studies of this kind that he was to achieve his greatest 
fame, many years later, at Bell Telephone Laboratories. 
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their careers. Kelly, who was to assume direction of all vacuum tube 
research and development in 1928, was another president-to-be of Bell 
Telephone Laboratories (following Buckley), and was to become 
celebrated as the country's leading scientist- industrialist. 

The possibilities for important contributions to engineering prob- 
lems by pure scientists are outstandingly illustrated by Davisson's 
invention of the "power emission chart," which became standard in 
the art. The chart is illustrated in Fig. 10-35. It consisted of a form of 
coordinate paper so designed that if the abscissas, which are curved, 
represent power supplied to the filament, and the ordinates represent 
emission (i.e., current to an anode), then points on the chart 
coordinating these two quantities will fall on a straight line if the 
emission satisfies Richardson's equation and if the thermal radiation 
from the filament is proportional to the fourth power of the absolute 
temperature in accordance with a well-known law due to Stefan and 
Boltzmann. For practical purposes in studying the thermionic ef- 
ficiency of a large number of sample filaments, the advantage of using 
power rather than temperature as the independent variable is obvious. 

The types of investigations in which Davisson was especially 
interested might have been considered somewhat far afield for an 
industrial laboratory, including, as they did, such abstruse theoretical 
studies as the nature of the surface forces that hold the electrons in the 
filamentary material, the reflection of electrons from solid surfaces, 
and the distribution of the velocities of the emitted electrons. These 
studies, however, besides shedding light on the general problems of 
contemporary physics, gradually led to a better understanding of the 
phenomena involved so that the best possible theoretical considera- 
tions could be brought to bear on the more practical problems at the 
other end of the scale. Of these, the preparation of filament materials 
and coating, and determination of the effects of impurities therein, 
were vital to success. Following on the work of Nicolson already cited, 
much of this experimentation was led by chemist James E. Harris. This 
Harris, younger than the Jonathan Harris who still headed the 
Chemical Laboratory but, like him, a University of Michigan graduate, 
had received his doctorate there as well, and was recruited from the 
Michigan chemistry faculty in 1917. The following year he was joined 
by E. E. Schumacher from the same faculty. This pair in collaboration 
made notable contributions to the improvement of cathode materials, 
coating, and processing, as well as the solution of other materials 
problems 89 of tube making. Schumacher was later to be named Chief 
Metallurgist in an expanded metallurgical department and eventually 
(1954) Metallurgical Director of Bell Telephone Laboratories. 

89 For example, “Measurements on the Gases Evolved from Glasses of Known 
Chemical Composition," Ind. Eng. Chem., 1922, and Bell System Technical /., January 1923. 
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Fig. 10-35. Example of the power-emission chart devised by Davisson. Full 
lines represent average emission for a large number of different oxide-coated fila- 
ments, all of the same area. Dashed lines represent constant thermionic efficiency in 
milliamperes per watt. The constants of Richardson's equation were directly deter- 
minable from such a chart. 

The more theoretical work of Davisson dovetailed so neatly with 
some of these materials problems that scientists as well as engineers 
could take much satisfaction when the emission efficiency of Bell 
System repeater tubes advanced by two successive factors of 2 in the 
1920s, leading to great savings in power required for the repeaters, 
accompanied by enormous improvement in the reliability and life of 
the tubes. 

We mentioned earlier the uncertainty in the exponent of the A term 
in Richardson's equation, the early theoretical exponent of V 2 being 
based on Maxwell -Boltzmann statistics applied to the distribution of 
velocities of electrons within the emitting material. The later suggested 
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power of 2, likewise supported by Richardson and derived from 
thermodynamic arguments, would have required, in order to fit the 
same data, a different value for the constant b , which was associated 
with the thermionic work function for the particular emitting material, 
i.e., the work of egress that an electron must do (at the expense of its 
kinetic energy) in order to go from the inside to the outside of the 
metal. Which theory was right? This was precisely the kind of 
question to which a scientist in a purely academic environment could 
happily devote several years. But with the wartime pressures re- 
moved, and with the continued encouragement of Arnold and Wilson, 
it was now possible for Davisson and his associate L. H. Germer (who 
had also come in 1917, with degrees from Cornell and Columbia, and 
in 1927 would receive a doctorate from Columbia) to proceed to find 
the answer to this question by determining the work function by 
another method, the "calorimetric” method. In this method, the 
"cooling effect" due to the latent heat of evaporation of the emitted 
electrons would measurably lower the resistance of the filament wire. 
It was an experiment that superficially would appear straightforward, 
but was vastly complicated — as others attempting it had found — by 
the "bleeding" of electrons, which caused the current to become 
smaller as it traversed the length of the wire. Davisson and Germer 90 
found a way to circumvent this difficulty, permitting an accurate 
calculation of the work function that substantiated the newer value of 
b and thereby established A 2 , rather than A 112 , as the correct term in 
Richardson's equation. 

In effect, Davisson and Germer had established that Maxwell- 
Boltzmann statistics were not applicable; that, rather, an electron 
velocity distribution conforming to newer statistics, to be proposed 
some years later by Fermi and Dirac to be compatible with the new 
quantum or wave mechanics, would be governing. Thus Davisson 
was in the position of confirming the Fermi-Dirac distribution law 
years before it had been stated. 

These results were obtained with an emitter of pure tungsten. A few 
years later, the same workers 91 experimented with oxide-coated 
platinum wire, which had become standard 92 for electron tubes. These 
experiments were much more difficult because of the complex 
chemical system involved, but they continued to provide clues to the 
basic mechanisms of emission, which were to have puzzling aspects 
for yet another decade. 

90 C. J. Davisson and L. H. Germer, " The Thermionic Work Function of Tungsten," 
Phys. Rev., October 1922. 

91 C. J. Davisson and L. H. Germer, "Thermionic Work Function of Oxide-Coated 
Platinum," Phys. Rev., December 1924. 

92 The "core" material finally settled on was an alloy of platinum with 5 percent nickel. 
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Davisson and Germer, describing their work, paid glowing tribute 
to the findings of Harris on the chemical properties of the coated 
filament, which involved not only chemical combination of the core 
platinum with the oxides of the coating, but also diffusion of the 
coating into the core during use — either of these effects being 
potentially damaging to their sensitive measurements of temperature. 

Thus was pointed up the powerful support given to experimentalists 
and theoreticians by the chemical and metallurgical specialists, whose 
number increased and whose advanced training and knowledge were 
more and more in demand as the scientific method more firmly 
established itself in industry. The chemist had traditionally been a 
living compendium of vast numbers of facts concerning a hundred 
thousand substances he had prepared, and their interactions. Much of 
what he contributed was based on experience more than theory; but, 
as Jewett remarked 93 in 1917, "... our so-called scientific methods 
would be of little avail were it not for the accumulation of facts 
laboriously dug out by empirical methods at a time when such 
methods were the only ones that could be applied." This was a period, 
however, when the revelations of atomic structure were giving the 
chemist and metallurgist new insights that would prepare them for a 
future role as molecular architects and engineers, able to design new 
material structures having revolutionary properties. The way to this 
goal was indeed to be long and hard; and even as late as 1927 
Schumacher was to remark 94 that "... we cannot understand the 
behavior of metals until we know more of the properties of their 
structural elements, the atoms. For this the metallurgist must wait 
upon the physicist. If, on the other hand, the metallurgist can simplify 
his observations ... he may furnish the physicist with knowledge as 
to the properties of atoms from which may be derived further 
knowledge as to their necessary structure." 

This leads us to depart, for the present, from thermionics and take 
note of another aspect of materials research to which telephony was 
uniquely sensitive: the field of magnetic materials. Here too we shall 
observe how a far-seeing approach, though starting with empirical 
knowledge only, was to bear fruit not only in an immediate practical 
way, but also in furthering scientific understanding of a basic physical 
phenomenon. 

The simple superficial facts of ferromagnetism as exhibited by the 
three elements iron, nickel, and cobalt had of course been exploited for 
many years in the electrical and related industries in motors, 

93 F. B. Jewett, "Industrial Research, with Some Notes Concerning its Scope in 
the Bell Telephone System," an address at a meeting of the American Institute of 
Electrical Engineers, Philadelphia, Pennsylvania, October 8, 1917. 

94 E. E. Schumacher, "The Hardening of Lead," Bell Laboratories Record, August 1927. 
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generators, transformers, choke coils, electromagnets, and permanent 
magnets. Improvements in magnetic properties were always to be 
welcomed. Telephone transformers, for instance, could have profited 
through reduced size and cost and better performance. But the 
critical requirements came with the invention of loading and the 
need for loading coils in the hundreds of thousands to extend the 
range of telephony on open wires and cables. Even more immediate, 
and more demanding technically, was the need for a magnetic 
tape-like material for continuous loading of submarine cables for both 
telephony and high-speed telegraphy. In submarine applications, 
discrete or periodic loading with coils was not practical. 

The critical requirement in such applications was a high value of 
permeability extending down essentially to zero flux density so that 
the feeblest currents could be responded to. Such a requirement was 
unknown in the power field. Accompanying this high permeability 
there had to be low hysteresis; otherwise, the cyclic energy loss in the 
material, a magnetic “friction” proportional to frequency, would 
vitiate the benefits of the magnetic loading. Finally, it was necessary to 
minimize resistive losses due to ohmic or “eddy" currents in the 
material, transverse to the magnetic flux. Ordinary laminations as 
used at power frequencies would be relatively ineffective in the voice 
or high-speed telegraph range. Much better success with loading coils 
was obtained by winding the toroidal cores out of very fine 
lacquer-insulated iron wire, generally some miles in length. 

Since electric communication was the only field making these 
stringent demands, it was in the Western Electric laboratories that 
powdered-iron technology was developed in the 1910-20 period for 
loading coils and telephone transformers, the finely ground and 
insulated particles being compressed into rings and offering substan- 
tially lower loss, as well as reduction in coil size. 

These developments and their important applications have been 
detailed in Chapters 4 and 8. They did not invoke any new 
fundamental understandings of the phenomenon of ferromagnetism 
itself. Thus a mind such as Arnold's, aware that this elusive property 
must necessarily be rooted in the atomic structure, could not fail to 
speculate that deeper insights might lead to discoveries as revolution- 
ary in impact as the Wehnelt cathode had been in thermionics. 

Modem ferromagnetic theory has been made difficult by the fact 
that the magnetic forces between the electrons in an atom are small, by 
a factor of some ten thousand, compared to the electrostatic forces. 
Before the electron theory of the atom came into being, theorists 
beginning about 1900 had proposed atomic and molecular models to 
explain ferromagnetism in terms of the forces between atoms, 
assuming each atom to be a permanent magnet. Neither the distances 
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between atoms nor the crystal structure of solid iron was known. With 
later knowledge of these, and of the magnetic moment of each iron 
atom, these early hypotheses were shown to be untenable; for even at 
extremely low temperatures, the energy of thermal agitation was far 
too great to allow formation of stable magnetic configurations. 
Nevertheless these early theories kept alive a healthy speculation and 
encouraged a variety of experiments to sharpen the theory or change 
its direction. 

Also fueling speculation on the physical basis of ferromagnetism 
were photomicrographic studies of the crystal structure of metals — such 
as those shown earlier in this section (Fig. 10-30) — and the findings of 
von Laue in Germany in 1912, and the Braggs in England afterward, 
using X rays to reveal the internal order of the atoms in crystals. With 
ferromagnetic properties in the solid metal known to be sensitive to 
the rate of crystal formation as well as to composition, such findings 
were providing an accumulation of knowledge and technique giving 
further encouragement to a mission-oriented materials study. 

Into this partial vacuum, with much at stake in the fast-expanding 
telephone network, moved G. W. Elmen, a native of Sweden and a 
University of Nebraska graduate who had joined Western Electric in 
1906 and had, since his master's work at Nebraska, devoted all his 
time to magnetics studies. Elmen worked in the Physical Laboratory 
under B. Speed, who was said to be something of a genius; and a joint 
paper of theirs 95 describes the development, under wartime pressure, 
of the powdered-iron technology we have just mentioned. 

Seeking a magnetic material that would combine high permeability 
at low flux densities with low hysteresis, Elmen in 1913 had become 
interested in alloys containing mostly iron and nickel. One of these, a 
commercial alloy of approximately 70-percent nickel and 30-percent 
iron used primarily for resistance wire, and in the normal hard- 
worked condition inferior to iron magnetically, turned out under heat 
treatment to be far superior to iron in permeability at low field 
strengths, and to have much lower hysteresis at both low and high 
flux densities. The heat treatment consisted of a rapid cooling during 
the transformation, indicating that a highly important factor in develop- 
ing the magnetic properties of new alloys would be the determination of 
the cooling rate for best magnetic quality for each composition . 

This was the lead that Elmen, an inspired and persevering 
experimentalist, had been looking for, and it triggered an investiga- 
tion of the magnetic properties of the whole series of nickel-iron 
alloys, including not only permeability and hysteresis but also 

95 B. Speed and G. W. Elmen, "Magnetic Properties of Compressed Powdered 
Iron," /. A1EE, 1921. 
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Duration of Anneat/ny treatment Minutes. 

Fig. 10-36. The first three figures from G. W. Elmen's 1917 Canadian patent, 
depicting methods of applying nickel-iron tape to a conductor and showing the 
striking dependence of his high permeabilities upon heat treatment. 

electrical resistance, in the interest of minimizing eddy-current losses. 
The vigor and thoroughness of these investigations are evidenced in 
Elmen's patent applications filed in 1916. The first three figures of his 
Canadian patent, 96 which was issued in November of 1917, are shown 

96 The opening paragraph of this patent. No. 180539 (Canada), is interesting in 
a personal way: 
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in Fig. 10-36. His Figs. 1 and 2 relate to the use of nickel-iron tape as a 
wrapping around the copper conductor of a submarine cable. His Fig. 
3 demonstrates the critical dependence of the ultimate permeability on 
the temperature and duration of the annealing treatment, for the 
particular case of an alloy composed of 70-percent nickel and 
30-percent iron. Compositions in this range, where the properties 
were most spectacular, were given the name "permalloy” to em- 
phasize the high permeability displayed. Also emphasized in the 
patent application was the susceptibility of the material to reduction in 
permeability (after the heat treatment) due to mechanical strains 
imposed by subsequent manufacture and handling of an actual cable. 
It was because of this sensitivity to inevitable mechanical strains that 
Elmen and his collaborators chose not to overemphasize, at this stage, 
the importance of extreme chemical purity in ingredients, even though 
experiments showed that removal of the last vestiges of impurities, not- 
ably carbon, could even more strikingly enhance the magnetic properties. 

Further evidence, from this early patent, of Elmen's enthusiastic 
pursuit of his objective is the inclusion of data concerning chromium 
as a constituent in these highly permeable alloys, though chromium 
by itself was not ferromagnetic. For that matter, nickel by itself is not 
nearly as magnetic as iron; it was the combination of their properties that 
was so remarkable. A "ternary" alloy particularly noted consisted of 
55-percent nickel, 34-percent iron, and 11-percent chromium. The intro- 
duction of chromium increased the ohmic resistance of the alloy by a 
factor of five or more, thus substantially reducing eddy-current losses, 
and there were applications in which this advantage was more important 
than achieving the highest permeability. 

The first scientific presentation on permalloy was an American 
Physical Society paper 97 presented in 1923. By this time, Arnold and 
Elmen were able to describe highly refined methods for making and 
testing the very large number of samples, in the form of thin tapes, 
covered by their exhaustive study of the nickel-iron series. Figure 1 


"Be it known that I, GUSTAF W. ELMEN, originally a subject of the King of 
Sweden, who arrived in Philadelphia from Sweden on August 1, 1893 when six- 
teen years of age, declared my intention of becoming a citizen of the United States 
on October 5, 1900, and again on April 30, 1915; have been a constant resident 
of the United States since my arrival, but have not taken out my final naturaliza- 
tion papers; am now residing at Bogota, in the County of Bergen and State of New 
Jersey, and have invented certain new and useful improvements in THE LOADING 
OF TELEPHONE CONDUCTORS of which the following is a full, clear, concise 
and exact description." 

Elmen's U.S. application, filed in July 1916, encountered questions of prior art, 
which were settled by limiting the claims to magnetizing forces below 0.2 oersted. 
The relevant patents were finally issued in June 1926 and refer back to the July 
1916 application. 

97 H. D. Arnold and G. W. Elmen, "Permalloy, an Alloy of Remarkable Magnetic 
Properties," /. Franklin Inst., May 1923, and Bell System Technical / ., July 1923. 
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from their paper (reproduced as our Fig. 10-37) shows strikingly the 
remarkable initial permeability observed in the region of about 
80-percent nickel, 20-percent iron, after careful exploration to deter- 
mine the best heat treatment (temperature range and rate of cooling) 
for that composition. 

Initial permeability for each sample had to be determined through 
careful measurements at very weak field strengths. On the graph of 
permeability against magnetizing field strength, an example of which 
is shown in Fig. 10-38 in comparison with (but to a different scale) the 
best annealed iron, the straight line through the points for 0.002, 
0.003, and 0.010 oersted was extended down to field strength zero to 
give the initial permeability, the property of most importance in 
communication engineering. 

In the series of tests summarized by Arnold and Elmen at that time, 
the largest value of initial permeability found for permalloy at room 
temperature was 13,000, more than 30 times the value for the best soft 
iron. How extraordinary this was can be appreciated from the fact that 
this material, although it had a saturation value of magnetic induction 
comparable to that of iron, approached magnetic saturation in the 
earth's field. Thus, unusual caution had to be exercised in measuring 
its properties to protect the sample from the influence of stray fields. 

One of the additional graphs presented by Arnold and Elmen gave the 
hysteresis curves shown in Fig. 10-39, where the area of the loop for 
permalloy (78.5-percent nickel, 21.5-percent iron) at moderate values 
of induction was only one-sixteenth of the area for soft iron. This great 
advantage prevailed at weak fields as well. 

While development engineers moved fast to exploit the advantages 
of the new material in transmission circuits, Arnold saw in the 
behavior of permalloy new evidences that ferromagnetism must be 
associated with fundamental material structure in ways that were 
different from ordinary physical and chemical properties. In the 
scientific challenge thus presented, the extreme sensitivity of magnetic 
properties to strain and to heat treatment, without alteration of composi- 
tion, appeared to offer new controls for use in magnetic investigations. 

At the same time, L. W. McKeehan, who had come to Western 
Electric in 1921 from the physics faculty of the University of 
Minnesota, having received his doctorate there, was exploring through 
X-ray diffraction patterns the crystal structure (the arrangement of 
atoms) in iron-nickel alloys 98 and other alloys that were solid solutions 
of the components. The natural crystal structure of iron was body- 
centered cubic, i.e., the atoms were sited at the eight comers of a 

98 L. W. McKeehan, “The Crystal Structure of Iron-Nickel Alloys," Phys. Rev., 
April 1923. Other alloys studied by McKeehan, prepared for him under chemist- 
metallurgist J. E. Harris, with whom we are already acquainted, included some having 
abnormally high resistivity despite the good conductivity of their constituents (e.g. 
silver and gold). 
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Fig. 10-37. Initial permeability in the iron-nickel series, showing remarkably high 
values in the vicinity of 78.5-percent nickel. (Redrawn from Arnold- Elmen, 1923) 



Fig. 10-38. Comparison of initial permeability (very low magnetizing forces) be- 
tween 78.5 permalloy and (to a different scale) the best soft iron. (Redrawn from 
Arnold- Elmen, 1923) 
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Fig. 10-39. Comparative hysteresis loops of 78.5 permalloy and iron. (Redrawn 
from Amold-Elmen, 1923) 

cube, with an additional atom at the center of the cube. A crystal of 
nickel, in contrast, was face-centered cubic, i.e., each square face of 
the cube had an atom at its center and there was no atom centered in 
the cubic body. In studying the space-lattice of the nickel-iron series, 
it was found that with higher than 30-percent nickel the alloy 
exhibited throughout, in general, the face-centered arrangement 
characteristic of nickel. "It is suggested," remarked McKeehan, "that 
the electrons responsible for the cohesion of metallic crystals are not 
the so-called valence electrons but those of a deeper layer relatively 
more firmly attached to the nucleus, the external electrons being left 
free in the sense required for electrical conductivity." 

Additional observations from around the world deluged the scien- 
tific community. The Heusler alloys (Germany, 1922), notably an alloy 
of copper, manganese, and aluminum — none of them ferromagnetic 
by itself — displayed ferromagnetic properties related to structure 
when cooled at an appropriate rate producing a body-centered cubic 
with a face-centered "superlattice." The properties were not commer- 
cially useful, but the scientific interest was high. Concurrently, 
spectroscopists everywhere worked with furious energy to explore the 
"astronomy" of every kind of atom and provide maps of all the 
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electronic orbitals. Iron, cobalt, and nickel, having atomic numbers 26, 
27, and 28, respectively, each had a "filled" innermost or K shell of 
two electrons, a filled second or L shell of eight electrons, an unfilled 
third or M shell, and a fourth or N shell containing two "valence" 
electrons out of the 32 that (with an appropriate nucleus) would be its 
full complement. The anomaly responsible for ferromagnetism ap- 
peared to reside in the unfilled M shell (in particular, in a third 
"subshell" of the M shell), yet there were other elements with atomic 
numbers between 21 and 30 of which the same could be said, but 
which displayed no ferromagnetism. The suggestion that the ultimate 
magnetic entity might be a "spinning" electron — a notion discomfort- 
ing to those who envisioned the electron as being dimensionally 
hardly more than a mathematical point — still did not explain why free 
atoms, coalescing into a solid, could leave only iron, cobalt, and nickel 
with their fundamental magnetic particles disposed in some manner 
that supported strong ferromagnetism. 

We shall have more to say about magnetics when we describe the 
volcanic state of affairs in the middle and late 1920s, where this 
research story concludes. But having emphasized thermionics and 
ferromagnetism as particularly outstanding examples of concerted 
research effort that more than paid for itself, it is necessary to fill out 
the picture; for Jewett, Colpitts, and Arnold did many other things to 
foster the research spirit we are attempting to describe. 

With their encouragement, and with wartime tensions alleviated, in 
1919 a small group of able research men organized the Colloquium, a 
serious discussion forum for employees working on the frontiers of 
science. Membership required affiliation with one of the national 
scientific societies — the American Chemical Society, the American 
Physical Society, or the American Mathematical Society — and re- 
quired being involved in or in active touch with research work. 
According 99 to Crandall, one of its charter members whose leadership 
in acoustical research we discussed in Section III, these requirements 
contributed much to stability and assured a certain standard in the 
quality of papers given, thus benefiting the scientific worker, whose 
very craft depends not only on knowing what has gone before, but 
what is actually in process at the moment. 

The quality and reputation of the Colloquium's membership is 
evidenced by their success in having from time to time, as speakers, 
such distinguished guests as R. A. Millikan, A. Sommerfeld, F. W. 
Aston, and Ernest Rutherford. 

The "fireworks" of the Colloquium, according to Crandall, was the 
small group of "electron mechanics" — arch-priests of the craft, who 

99 1. B. Crandall, "A History of the Colloquium/' Bell Laboratories Record, November 
1925 . 
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set a rapid pace; while the steadiest influence and contributor of the 
best paper each season was Karl K. Darrow, brilliant master of 
exposition in mathematical physics, who had been attracted to Bell 
Telephone Laboratories in 1917 after graduate study at the Universities 
of Paris and Berlin and a doctorate from the University of Chicago. 

Darrow's assignment at Western Electric was to study and correlate 
scientific information for his colleagues and keep them abreast of 
current advances by workers everywhere in fields related to their own 
activities. His "Some Contemporary Advances in Physics," a review of 
recently established knowledge in the physical sciences, appearing sev- 
eral times a year in The Bell System Technical Journal (beginning in 1923), 
received universal acclaim for its depth and clarity of presentation. 100 

Greatly strengthened though they had become through acquisitions 
we have already named, the Western Electric research ranks were not 
yet ready in the materials sciences, as the 1920s approached, for some 
of the demands that were coming as the communication industry 
advanced. Yet in some of these areas the best universities were well 
fortified with talent. On Jewett's recommendation (in 1919), Colpitts 
engaged the services of John Johnston, Sterling Professor of Chemistry 
and chairman of the department of chemistry at Yale, to assist in 
strengthening the organization to handle problems of a more funda- 
mental character in organic chemistry. It could be seen, for example, 
that with the prospect of ocean cables of much higher capacity, due to 
the advent of permalloy tape loading, many new materials problems 
would arise; indeed, inductive loading itself would be a factor in 
these, since the higher impedance of a loaded cable would place new 
requirements on dielectric quality. Dielectric theory — in which one of 
the pioneers was the Dutch physical chemist P. Debye, who developed 
theories of rotation of polar molecules under the influence of electric 
fields — had been of major interest to Johnston in his researches at Yale. 
These researches had included studies of the chlorinated benzenes, 
some of which possessed large dipole moments and offered promise of 
much higher dielectric constants for use in capacitors. 

Johnston continued as a consultant for 11 years and was largely 
responsible for the early scientific development of the department, 
especially for the selection of able men, including some of his own 
doctoral students, notably (in 1923) A. C. Walker and G. T. Kohman. 
One of Johnston's prime acquisitions (1919) was R. R. Williams, who 
later became Chemical Director of Bell Laboratories. A University of 
Chicago graduate and already a distinguished chemist in government 

100 Darrow was the author of Introduction to Contemporary Physics, D. Van Nostrand 
(1926), a recasting and unification of some of these "Contemporary Advances," and 
also the author of Phenomena in Gases, Williams and Wilkins (1932), and The Renais- 
sance of Physics, MacMillan (1936). 
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service, Williams promptly set in motion a program for improvement 
in the quality and stability of cable dielectrics, having in mind the 
possibility of replacing gutta percha, 101 the prevailing choice at that time, 
which was expensive and of doubtful availability in the required quantities. 

Williams was to achieve special fame for work he pursued as an 
avocation, seeking to identify a constituent of brown ricebran that 
promised relief from the scourge of beriberi, which was killing 
millions in the Far East. His independent search was to triumph in the 
mid-1930s with the discovery and synthesis of Vitamin Bl, or thiamine 
chloride, a crystalline compound easily and cheaply added to milled rice 
and now a lifesaving part of the diet of Americans as well as Orientals . 

The cable dielectric study, primarily aimed toward the substitution 
of rubber, was conducted in its practical aspects chiefly by A. R. 
Kemp, who had been recruited from the California Institute of 
Technology after graduate study there. Kemp was to become recog- 
nized as one of the country's leading rubber chemists. A joint paper 102 
by Kemp and Williams, summarizing some of this work, was one of 
many that were appearing in this expanding field. Paralleling the 
engineering approach were more fundamental studies by Johnston's 
protege Kohman and by H. H. Lowry, a Princeton Ph.D. recruited in 
1920. Their interests 103 were in the basic mechanisms of water 
absorption by rubber, the removal of electrolytes to give stable 
dielectric properties when used under water, and those intrinsic 
features of the material in its purest state that governed electrical 
properties — the symmetry of the molecule as affecting dielectric 
constant, and the distribution of energy loss as between the electron, 
the atom, and the molecule. In these efforts their early training under 
distinguished faculties provided an intellectual background of excite- 
ment that projected itself over into the world of hard practical 
application. This could not have happened had they not considered 
themselves members of an already-respected scientific community. 

Another problem pursued in the 1920s by Lowry, in what was one 
of the best pieces of chemical research 104 of the period, related to 
carbon as the active element in telephone transmitters. It had been the 


101 Gutta percha, a natural rubber-like product from a Malayan tree with a vast 
field of usefulness, had been suggested in the mid-1800s as a cable insulation by 
Faraday in England and promoted by Werner Siemens in Germany. It combined 
excellent electrical properties with plasticity when heated, facilitating continuous 
extrusion over the conductor. 

102 R. R. Williams and A. R. Kemp, "Submarine Insulation with Special Refer- 
ence to the Use of Rubber," J. Franklin Inst., 1927. 

103 H. H. Lowry and G. T. Kohman, "The Mechanism of the Absorption of Water 
by Rubber," }. Phys. Chem., January 1927. 

104 H. H. Lowry, "The Hydrogen Content of Certain Charcoals," /. Am. Chem. Soc., 
April 1924; and in the same issue (with S. O. Morgan) "The Rate of Oxidation 
of Certain Charcoals," and later papers. 
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practice since Edison's time to make transmitter carbon by roasting 
anthracite coal; but the wide range of characteristics, depending on 
the source and the processing technique, was quite incompatible with 
the tightening requirements of the growing telephone system. To 
characterize the different coals, Lowry developed a continuous 
roasting process employing a rotating furnace, and he found that with an 
atmosphere of hydrogen he could produce a surface of pyrolytic 
carbon on the granules, which resulted in both a higher microphonic 
sensitivity and a lower adsorption and absorption for gases — both of 
these being of top importance to development engineers in overcom- 
ing the practical problems of transmitter design, as described in more 
detail in Section II of Chapter 3. From these studies, the best sources 
of anthracite coal were selected, a roasting process standardized, and 
large supplies of coal stored for future telephone use. 

Since there were many different coals roasted by different processes 
and being tested for different characteristics, one of the problems was 
a statistical analysis of the results. Here W. A. Shewhart, whose 
achievements in statistical quality control have been mentioned in 
Chapter 9, made one of his early and important contributions to 
telephone technology. 

Other research chemists brought in, both of them in 1922, through the 
efforts of Johnston and Williams and destined to make notable contribu- 
tions were R. M. Bums, a Ph.D. from Princeton, and S. O. Morgan, 
who was to receive the same degree from Princeton in 1928 after a 
period of postgraduate study there. The interests of Bums, who had also 
been a student and faculty member at the University of Colorado, were 
chiefly in electrochemistry and focused on corrosion prevention and 
the fundamental mechanisms of the corrosion process in metals. Bums 
was later (1945) to become Chemical Director of Bell Laboratories upon 
the retirement of Williams. Morgan's early work was on dielectrics as 
related to molecular structure; in collaboration with Lowry, Kohman, 
and E. J. Murphy (whom we shall mention again), Morgan later led 
studies in areas related to solid-state physics and chemistry, including 
important fundamental advances in ceramic materials in the mid- 
1930s, and became Bums' successor as Chemical Director in 1954. 

In these ways the tapping of the great intellectual resources of the 
universities proceeded with accelerated speed. And the process was of 
mutual benefit; for, in the outstanding cases we are citing, the 
academic contacts were retained and often served to inspire new 
programs of research in the institutions. 

We return to Nicolson, whom we left in 1917 working on chemical 
and metallurgical problems with vacuum tube cathodes. When this 
work was taken over by Harris and Schumacher, the fertile imagina- 
tion of Nicolson shifted to the piezoelectric effect and its possible 
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application in communications. Discovered by H. and P. Curie almost 
40 years before, piezoelectricity was a natural bonanza awaiting its 
time; and though the effect was far greater in Rochelle salt (potassium 
sodium tartrate) 105 than in any other material — leading to growth of 
many Rochelle salt experimental crystals by the chemists for Nicolson's 
studies from nuclei or seed crystals — the practical choice for foresee- 
able communication uses was the relatively rugged and stable quartz 
crystal (silicon dioxide). 

The characteristic phenomenon of piezoelectricity was a “coupling” 
between an electric and a mechanical axis whereby, with appropriate 
dimensions and a mechanically loss-free mounting or suspension, one 
could achieve the equivalent of an extremely low-loss (high “Q”) 
electrical circuit. The internal mechanisms responsible for this action 
were the same as those responsible for the (much older) electro-optical 
effect or rotation of the plane of polarization of polarized light — 
namely, an asymmetry in molecular structure. In quartz, the asym- 
metry involved the isosceles triangle composed of a single silicon atom 
and two oxygen atoms, and the final symmetry in the space-lattice of 
the crystal, which was hexagonal, required that three such elbow- 
shaped SiO z molecules be properly disposed in each unit of struc- 
ture. This disposition was explored by X-ray crystal analysis by 
McKeehan, 106 along with his study of metallic crystals already cited. 

Nicolson's pioneering paper 107 included as Figs. 1, 2, and 3, here 
reproduced as Fig. 10-40, sketches of the shapes of three mineral 
crystals exhibiting pronounced piezoelectric effects, including an 
illustration of a flat “blade" excised from a crystal of quartz for 
measurement of these properties. Also included, surprisingly for that 
early date, were sketches of a phonograph transmitter (using torsional 
vibrations) and a crystal loudspeaker as examples of electromechanical 
transducers employing Rochelle salt crystals. Nicolson also pointed out 
that the electromechanical vibratory system could be used to introduce 
positive or negative reactance into an electrical circuit, depending on 
the frequency, thus paving the way for the crystal filters to be used in 
great numbers in the telephone carrier systems of the future, to which 
W. P. Mason was to make many notable contributions beginning in 
the 1930s. 


105 Morgan suspected that the remarkable properties of Rochelle salt were asso- 
ciated with hydroxyl (OH) groups attached to the molecule. In an interesting 
confirmation of this suspicion, crystals were grown from heavy water, wherein the 
normal hydrogen in these groups was replaced with deuterium, whose nucleus was 
twice as heavy. The very large change in piezoelectric properties demonstrated the 
correctness of the hypothesis. 

106 L. W. McKeehan, "The Crystal Structure of Quartz," Pht/s. Rev., May 1923. 

107 A. M. Nicholson, "The Piezo-Electric Effect in the Composite Rochelle Salt 
Crystal," Trans. A1EE, October 1919. 
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Fig l — Tourmaline 






6TPE66 APPLIED NORMAL TO 'OPTIC. “ 'eLECTClC* A*e5 


Fig. 3 — Indicating Preparation of the Quartz “Piezo-ElectriQue" 


Fig. 10-40. Three figures from Nicolson's 1919 AIEE paper, indicating shapes of 
three piezoelectric crystals and an appropriate "cut" from quartz for measurement 
of properties. 


Probably the most valuable contribution coming from Nicolson's 
work was the crystal-controlled oscillator, on which he filed a patent 
application in April 1918, antedating all others in this field. The 
patent, not issued until 1940 because of numerous interferences, 108 
stands as a monument to him in consideration of the millions of crystals 
that were to be used in the Bell System and elsewhere for oscillator 
frequency control. 

The use of crystal-controlled oscillators in radio broadcasting and 
other services (beginning in the mid-1920s), and the use of tempera- 
ture control therewith, were discussed in Section 5.3.1 of Chapter 5. A 


108 Among Americans most active in exploiting the piezoelectric effect in these 
earliest days were G. W. Pierce at Harvard and W. G. Cady and K. S. Van Dyke 
at Wesleyan University (Connecticut). Van Dyke was responsible for the derivation 
of the equivalent electrical circuit of a crystal (1925). 
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quartz-crystal-controlled clock 109 (also intended as a frequency stand- 
ard for Bell System use), employing a specially cut and shaped quartz 
plate giving zero temperature coefficient of frequency in the vicinity of 
a chosen temperature, was a "research spectacular" of the late 1920s, 
the achievement of W. A. Marrison. 

Later on, many piezoelectric crystals, eventually including quartz, 
were to be produced synthetically. In this field A. C. Walker, whom 
we have mentioned as one of Johnston's Yale proteges, was to take a 
leading part, in collaboration with Kohman, after spending his earlier 

109 W. A. Marrison, "The Crystal Clock," Proc, Nat. Acad. Sci. U.S., July 1930. 



Fig. 10-41. Transmission loss at 1,000 hertz in 50 feet of central-office twisted 
pairs, as calculated from measurements of ac conductance and capacitance, showing 
benefits of "washing" to remove water-soluble salts. (Redrawn from paper by H. H. 
Glenn) 
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years on purification of textile materials for improving their insulating 
properties under conditions of high humidity. That earlier work of 
Walker, participated in by an associate E. J. Murphy who had had 
graduate training at McGill and Harvard, likewise had interesting 
theoretical 110 as well as practical aspects, an essential one being the 
discovery that removal of water-soluble impurities by a “washing" 
process could produce spectacular improvement. Figure 10-41, from a 
developmental paper by H. H. Glenn, depicts striking benefits to 
which Murphy's and Walker's fundamental studies led in connection 
with central- office wiring, a subject of great practical importance in the 
telephone plant. 

Jewett and Carty continued to find their fajth in industrial science 
vindicated as numerous other talented contributors made their 
appearances to extend the frontiers of knowledge. We mention a few 
more of these whose promise of achievement, as members of Western 
Electric's Engineering Department, was to be amply fulfilled in their 
Bell Laboratories years that followed. 

J. A. Becker came from the faculties of Stanford and the California 
Institute of Technology in 1924. His Cornell doctoral thesis (1922) had 
been one of the better though unsuccessful efforts to identify the 
"ultimate magnetic particle." At the California Institute of Technology, 
as a National Research Fellow, he had studied the velocity distribution 
of electrons resulting from the bombardment of metallic surfaces. His 
long Bell System career, spanning the eras of both thermionics and 
solid-state electronics, included numerous contributions to the under- 
standing of cathode behavior and of physical phenomena in semiconduc- 
tors. Becker was especially interested in adsorption, 111 the process by 
which atoms (e.g., of thorium or caesium) are held on a surface 
instead of penetrating into the interior, and can greatly influence the 
emission of electrons. Becker's summaries 112 of the contemporary state 
of knowledge concerning coated filaments represented the results of 
long and careful experiments at a time when thermionic emission still 
had several useful decades to go. 

P. P. Cioffi, initially involved (1917) with vacuum tubes and the 
study of gaseous effects therein, moved over to magnetic materials 
investigations as Buckley and McKeehan attempted to penetrate more 
deeply beyond the empirical knowledge being rapidly accumulated by 
Elmen. One of Cioffi's attributes was a mastery of meticulous 
measurement 113 — an essential in scientific investigations, as we have 

110 A. C. Walker, "Textiles as Insulators," Bell Laboratories Record, April 1929. 

111 J. A. Becker, "The Life History of an Adsorbed Atom," Bell Laboratories Record, 
September 1927. 

112 J. A. Becker, "Phenomena in Oxide Coated Filaments," Phys. Rev., November 15, 
1929 (Part I) and December 15, 1931 (Part II, co-authored by R. W. Sears.) 

113 P. P. Cioffi, "Measuring to Four Parts in a Billion," Bell Laboratories Record, 
February 1927. 
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noted in Sections II and III, but especially so in studies of effects as 
difficult to measure as magnetostriction , where magnetic fields produce 
dimensional changes of only a few parts in a hundred thousand, at the 
most. McKeehan had noted, in seeking an explanation for the 
behavior of permalloy, that iron and nickel have opposite coefficients 
of magnetostriction, and that, from data published by Japanese 
experimenters, the effects should neutralize in approximately the 
composition that gave permalloy its most strikingly abnormal be- 
havior. This led McKeehan, making use of some highly precise 
measurements by Cioffi, 114 to hypothesize that low hysteresis and high 
initial permeability or ease of magnetization were directly linked, 
causally, with the absence of magnetostriction; and though this 
conjecture was later found to be incorrect, the findings (especially with 
respect to sensitivity to strain) were useful to the continuing 
accumulation of data, worldwide, that was aimed toward real 
understanding of these elusive phenomena. 

Cioffi's ingenuity and skill in exact measurement were of increasing 
value as Elmen's investigations of great numbers of ternary alloys 115 
responded to the varied needs for special magnetic materials in the 
Bell System. Cioffi was especially alert to evidences of degraded 
properties due to impurities, and he was to discover a few years later 
that extraordinary magnetic properties, superior even to those of 
permalloy, could be achieved 116 on an experimental basis by removing 
impurities through high-temperature hydrogen treatment. 

Ferromagnetism was likewise the specialty of R. M. Bozorth for most 
of his nearly 40 years in the Bell System. Bozorth was a Reed College 
graduate who started with the Bell System in 1923 after holding a 
postdoctoral fellowship, as had Becker, at the California Institute of 
Technology. Through his lifelong collaboration with theorists, on the 
one hand, and with engineers always seeking new magnetic proper- 
ties and more sophisticated ways to achieve them, Bozorth has been 
widely regarded as having “done more to promote the interaction 
between research and engineering in magnetism than any other 
person of our time." 117 Author of over a hundred papers, most of them 
combining both scientific and technological aspects of magnetism, many 
of them stressing the correlation of magnetic properties with crystal struc- 
ture, Bozorth was to publish in 1951 a monumental treatise (Fig. 10-42) of 
nearly a thousand pages on ferromagnetism. 118 

114 L. W. McKeehan and P. P. Cioffi, "Magnetostriction in Permalloy," Phys. Rev., 
July 1926. 

115 G. W. Elmen, "Magnetic Alloys of Iron, Nickel, and Cobalt," J. Franklin Inst., 
May 1929. 

*‘ 6 P. P. Cioffi, "Hydrogenized Iron of High Permeability," Bell Laboratories Record, 
January 1932. 

117 Quoted from an editorial in IEEE Trans. Magnetics, December 1969. 

118 R. M. Bozorth, Ferromagnetism , D. Van Nostrand Co., 1951. 
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Darrow saw as necessary, a way of thinking that would reconcile the 
comfortable continuum of classical wave theory with the impacts and 
instantaneous inter-orbital transitions that had so startlingly charac- 
terized the twentieth-century physics of Planck and Bohr. 

No longer would it be meaningful to try to specify, simultaneously, 
the exact position and the velocity of an electron, or to describe an 
orbit precisely in astronomical terms. Atomic distances and spacings 
and the movement of charges therein had to be viewed in probabilistic 
terms, conforming to Schrodinger's "wave equation." 

Those who could handle the abstruse mathematics of wave 
mechanics found that it gave answers that agreed with spectroscopy in 
cases where Bohr's theory completely failed, i.e., when there was more 
than a single orbiting electron, as (to take the simplest cases) in normal 
helium, or the common molecular hydrogen, H 2 . More than this, there 
evolved from wave mechanics the concept of exchange interaction, 
which accounted for the strong forces (electrostatic, they turned out to be) 
involved in inter-atomic bonding, the formation of molecules. For 
example, wave mechanics could account quantitatively for the "covalent" 
type of bond, wherein atoms would begin to "share" electrons, as did two 
atoms of univalent hydrogen when they moved closer together, and thus 
developed an affinity that created the molecule; and the "ionic" 
type of bonding, wherein an atom such as hydrogen or sodium, having 
a single electron unaccompanied in its shell, would "donate" this 
electron to an unfilled shell such as the M shell of an atom of chlorine, 
thus establishing the electrostatic potential difference that would bind 
them together. 

Thus were evolved the foundations of molecular theory, the 
much-needed basis on which the chemists of the following decades 
would establish an architecture for revolutionary new substances. 
Wave mechanics would also, ultimately, account for the elusive 
ferromagnetic properties of iron, cobalt, and nickel, for which the 
theories of paired and unpaired spins had been unable to give the 
complete answer; and would provide a quantum mechanical basis for 
seeking an understanding of conduction in solids, the great goal of 
solid-state physics in the decades that followed. 

These remarkable advances initiated in the mid-1920s generated 
high excitement at the West Street laboratory in New York City, just at 
the time when scientists of the Arnold- Davisson- Darrow type were 
feeling gratified at the new organizational status of Bell Telephone 
Laboratories. Still more remarkably, experiments then in progress by 
Davisson and Germer were to provide the first clear-cut demonstration 
that electrons in motion did indeed display the wavelike qualities that 
de Broglie had audaciously suggested. 
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Beginning in 1920, in addition to his interests (with Germer) in 
thermionic emission as already described, Davisson was concerned 
with exploring the “scattering" characteristics of metals for beams of 
positive ions, and also of electrons, impinging upon them. The 
desired results could have yielded information on the outer or 
"orbital" regions of the atom, as distinguished from the regions near 
the nucleus that had been explored many years before by Rutherford 
with his massive and high-speed alpha particles. With a younger 
associate, C. H. Kunsman, a Ph.D. from Berkeley, Davisson was 
observing 121 the scattering of “secondary" electrons 122 produced by 
bombardment of polycrystalline metals by an electron beam, when it 
was noticed that, instead of being slower, some of the scattered 
electrons had the same speed as the primaries, and hence, Davisson 
suspected, were primary electrons that had, through some mechanism, 
been reflected without loss of energy. 

These experiments were pursued vigorously by Davisson and 
Kunsman for several years, with Germer then becoming involved (Fig. 
10-43). Because of a directional peculiarity in some of the results 
which depended on the speed of the primaries (as determined by the 
accelerating voltage), a young German physicist, W. Elsasser, 
suggested in 1925 a relationship between the electrons and "de Broglie 
waves." It appears that Davisson did not consider that anything in the 
polycrystalline scattering patterns could be taken as corroboration of 
such a hypothesis; but in that same year, when he and Germer were 
bombarding a target that included (by accident, in the first instance) a 
number of small single crystals of nickel instead of wholly polycrystal- 
line material, they observed a startling difference in the angular 
distribution of the scattered electrons after a laboratory accident that 
had led to the partial crystallization. The new scattering curves (Fig. 
10-44) exhibited much more “structure" than the originals, suggesting 
that an even more marked dependence on crystal direction might be 
observable with a single crystal. It was this conclusion that set in 
motion a new program to study this dependence carefully; and though 
it was expected that the strongest electron beams might issue from the 
crystal along its “transparent" directions — the directions in which the 
atoms in the lattice would present the least obstruction — and that the 

121 C. Davisson and C. H. Kunsman, "The Scattering of Electrons by Metals/' 
Phys. Rev., September 1923. 

22 Secondary emission (particularly when the number of secondaries exceeded the 
number of impinging primaries) was a useful, but sometimes exasperating, phe- 
nomenon in vacuum tube applications. The degree to which secondaries from a 
molybdenum grid, for example, in a very high-power (100 kW) amplifying tube, can 
affect circuit stability was later illustrated in a note by W. H. Doherty, Proc. IRE, 
February 1934. 



Fig. 10-43. C. J. Davisson (at left) and L. H. Germer (at center) with their apparatus for studying the scattering of bombarding electrons 
from nickel crystals. Looking on (at right) is their colleague C. J. Calbick. 

• * — 
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SCATTERING OF 75-VOLT ELECTRONS FROM 
A BLOCK OF NICKEL (MANY SMALL CRYSTALS) 




SCATTERING OF 75-VOLT ELECTRONS FROM 
SEVERAL LARGE NICKEL CRYSTALS 

Fig. 10-44. Electron-scattering curves from nickel (1925). The upper curves are 
for two different angles of incidence of the 75-volt electron beam upon a poly- 
crystalline surface. The lower curves show the change resulting when the surface 
included approximately ten "single" crystals. 



Fig. 10-45. Cross-sectional view of experimental apparatus (the highly evacuated 
glass bulb not shown). Essential elements are the tungsten-ribbon -filament emitter F, 
furnishing electrons to the "gun" G, which could project the electrons at any desired 
speed; the crystal target T; and the collector C, which could be adjusted to collect 
only those electrons having approximately the same velocity as those projected from 
the gun. The collector could be conveniently moved along two orthogonal axes for 
complete exploration of the beam pattern. (From Davisson's and Germer's December 
1927 Physical Review paper) 
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scattering pattern would be unrelated to electron speed, nevertheless 
the experimental setup (Fig. 10-45) included facilities for varying the 
accelerating potential over a wide range. This was a wise provision, 
for though strong beams were indeed found, this was only when the 
speed of bombardment lay near one or another of a series of critical 
values, and then in directions quite unrelated to crystal transparency. 

The most striking feature of these beams was a one-to-one 
correspondence that the strongest ones bore to the X-ray beams ("von 
Laue beams") that would have been found issuing from the same 
crystal if the incident beam had been a beam of monochromatic X rays 
of wavelength appropriately related to the atom spacings in the crystal. 
Moreover, the patterns displayed a selectivity similar to the 
wavelength selectivity for the X-ray cage, when the accelerating 
potential for the electrons 123 (and hence presumably the "de Broglie 
wavelength") was varied. Figure 10-46, from later data obtained in a 
modified experiment involving "reflection" rather than scattering, 
brings out this wavelength dependence most strikingly. 

It will be recalled that, around 1906, Rutherford had found the 
nucleus to be mainly surrounded by empty space, the individual 
orbiting electrons having dimensions of the order of 10 -13 cm, about 
l/100,000th the size of the atom as a whole. Hence there was no basis 
for imagining that the electrons from Davisson's "gun" could be 
deflected in appreciable numbers from their course, heading straight 
into the material, unless they possessed some attribute that would 
excite a resonance in the much larger mesh constituting the crystal 
structure; and the relationships uncovered by Davisson and Germer 
clinched the case. Electrons (and presumably other forms of matter as 
well) had to be looked upon also as waves. 

Although the supreme recognition of Davisson's achievement, the 
Nobel prize in physics, was not awarded until 1937, the scientific 
importance of his discovery was acclaimed at once. The two papers 
involved, both co-authored by Germer, were "The Scattering of 
Electrons by a Single Crystal of Nickel," a preliminary announcement 
in "Letters to the Editor," Nature, April 16, 1927, and "Diffraction of 
Electrons by a Crystal of Nickel," Physical Review, December 1927. 
These were clearly the first publications offering experimental proof 
that individual electrons, unassociated with an atom, displayed wave 
characteristics in flight through space. 

Very soon afterward, at the University of Aberdeen, Scotland, G. P. 
Thomson independently and in a somewhat different experiment 

1 3 A body of charge e and mass m accelerated (from rest) by a potential of V volts 
acquires (non-relativistically) a velocity v equal to (2 Velm)*, i.e., proportional to the 
square root of V; hence, according to de Broglie's relationship, the "electron wave- 
length hmv would be inversely proportional to V*. 
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X-RAY 

REFLECTION 


BEAM INTENSITY 
VS 1/\ 

(THEORETICAL) 


ELECTRON 

REFLECTION 

BEAM INTENSITY 
VS V 1/2 
(OBSERVED) 



Fig. 10-46. Comparison of the (calculated) selectivity of X-ray reflection and the ob- 
served selectivity of electron reflection based on the de Broglie relationship (electron 
“wavelength" proportional to the square root of the accelerating potential). (Redrawn 
from L. H. Germer, "Optical Experiments with Electrons/'/. Chem. Education, September 
1928, Fig. 3) 


arrived at a similar result, and consequently shared the Nobel award 
with Davisson. 

In his accounts of these experiments Davisson characteristically 
acknowledged the assistance of his immediate co-workers, the con- 
tributions of the chemists in preparing crystals, of the mechanics in 
refinements of construction of his apparatus; also the valuable 
discussions with McKeehan, Darrow, and Bozorth; and finally, the 
encouragement given by Arnold and Wilson to pursue an investigation 
that was eminently "scientific.” 

Breakthroughs like that of Davisson and Germer were of great 
value in establishing Bell Laboratories as an institution where scientists 
could pursue their interests without domination by business or manu- 
facturing pressures. Thus men like Davisson, McKeehan and Bozorth, and 
Johnston and Williams, represented an environment which, only a decade 
or two earlier, had not been known outside the universities, and were 
instrumental in attracting younger men of similar inclinations, 
typified (in 1929) by W. H. Brattain, the first of the trio (Brattain, Bardeen, 
and Shockley) whose work in the quantum physics of solids (culminating 
in the invention of the transistor in 1947) would bring to the Bell System 
family (1956) its second Nobel prize. 
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It would take far too many pages to cover even sketchily the many 
other areas of materials research that were being profitably pursued 
in the mid- 1920s, or to pay deserved tribute to the contributors. 
Some of the scientific papers cited in our footnotes include bibliog- 
raphies that list many other papers and the names of their authors. 
Here we have only hoped to show, through a few examples, 
the fruitfulness of materials science as a field for investigation 
in an industry based on high technology. With the electrical 
and acoustical arts continuously advancing in sophistication, new 
properties in materials always found immediate engineering use and, 
in turn, generated new requirements for quality in composition that 
would further enhance performance or contribute to long life and 
serviceability. An appreciation was developing during this period 
for such qualities as unprecedented chemical purity and crystalline 
perfection. With deepened understandings of chemical proper- 
ties on an atomic and molecular level, there evolved a new day- 
to-day collaboration between physicists and chemists without which 
the achievements of the next two decades in the chemistry of syn- 
thetic polymers, in ceramics technology, and in the physics of semi- 
conductors could scarcely have been initiated. These were fields to 
which Buckley and Kelly, successors to Jewett as presidents of Bell 
Laboratories, were to give strong encouragement and support, 
based on their own years under the leadership of Jewett, Colpitts, 
and Arnold. 

It is therefore appropriate that this section, as well as the chapter, 
should reach its conclusion on a note of recognition of what the Spirit 
of Research is. It is, as we know it, a spirit generated in the deep re- 
cesses of the mind, seeking understanding of natural truths; yet, 
in Arnold's words, it is "practical as well as theoretical; trending 
always toward worthwhile relationships." This was the spirit that had 
motivated Hammond Hayes when the early sponsors of the tele- 
phone industry in Boston engaged him in 1885; and the torch has 
been carried by his successors, always with unstinting management 
support, to the great benefit of the business and the public, as well as 
the world of science. 


Postscript: 
After 50 Years 


Even a brief review of early telephony would suggest that the year 
1925, the nominal terminus for this volume, represented a satisfying 
anniversary. It was the conclusion of the first half-century of a new form 
of human communication, ranking with the great developments of all 
time. Too, the mid- twenties can be looked upon as a time of transition 
in the evolution and application of technology. Technological innovation 
had formed the indispensable core for telephony's growth up to 1925, 
but was even more significant to the future because so much of it was 
fundamental: the way was being prepared for more powerful systems 
yet to come, which would be essential to the enormous expansion felt 
to be lying ahead. Perhaps more significantly, the application of scien- 
tific methods to solving the "system” problems of telephony set a pat- 
tern which influenced industrial research and development by demon- 
strating the power of these methods and developing techniques of 
management which encouraged their use. 

We see the time around 1925 also as marking a changeover to a new 
generation in engineering leadership. The earliest fundamental contri- 
butions after the telephone itself — the balanced pair, the phantom cir- 
cuit, transposition, the loaded line — had been the product of young 
minds; but while still active and dedicated, three decades later, to the 
technology of the new profession, Campbell and Carty and Colpitts were 
exerting their major influence by forming broad principles and by in- 
spiring their successors to a dynamic appreciation of the opportunities 
and challenges of nationwide and worldwide telephony. 

We proceed with this summary as we look back at those 50 years with 
personal recollections of the mature judgments and guidance which 
these early masters of the art, and their leader Jewett, were exercising 
as the first half-century of telephony drew to its close. 

I. PHYSICAL GROWTH 

By 1925, the telephone system in the United States had grown to a 
network covering the length and breadth of the country. It connected 
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with a sizable network in Canada and modest but developing systems 
in other countries such as Cuba and Mexico, with the first step toward 
a worldwide system only two years away — the opening of long-wave 
radio service to Great Britain. 

In the United States alone there were roughly 17 million telephone 
stations, of which 71 percent were owned by Bell companies and the 
remainder by independent companies, most of which connected with 
the Bell network (see Fig. P-1). Business probably represented the 
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12,617 

98 

22,400 

215 

Total 


12,715 

22,615 

Percent telephone 


99.28 

99.04 


Fig. P-1. United States telephone statistics. 
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greatest density of use (reliable statistics are not available), but the 
telephone was rapidly becoming a part of the country's social structure 
with about 60 percent of the stations being installed in residences and 
affording service to about 40 percent of the country's households. How- 
ever, close to two-thirds of the residential stations were on party lines 
and only 13 percent of the total number of stations were of the dial 
type. Comparison with other forms of communication may not be too 
significant but it is interesting at least to note that as early as 1909 
over 99 percent of the United States message telecommunication was 
carried out by telephone. 

It is difficult to appraise growth on an absolute basis, but the sig- 
nificant accomplishments of 50 years will be more apparent by com- 
parison with growth elsewhere. As shown in Fig. P-2, the 17 million 
telephones in this country represented about 15 per 100 population, 
exceeding the development in any other country of the world. It was 
about five times that of Great Britain, and ten times the world average. 

On any basis, the growth of telephony in the United States during the 
first 50 years can be viewed with much satisfaction, particularly 
considering the vast distances covered by the network (compared to 
other countries) and the inherent technical and economic problems 
associated therewith. Growth in the first years was almost explosive, 
as shown in Fig. P-3. Commercial, switched service was not offered 
until 1878, but only four years later roughly 100,000 Bell stations had 
been installed in some 1,000 exchanges. Nearly 140,000 stations were 
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United States 

15 

16.9 

61 

196 

Canada 

12 

1.1 

4.1 

NA* 

Denmark 

9 

0.3 

1.1 

135 

New Zealand 

9 

0.1 

0.5 

NA 

Sweden 

7 

0.4 

1.6 

106 

Norway 

6 

0.2 

0.6 

107 

Australia 

6 

0.4 

1.3 

50 

Switzerland 

5 

0.2 

0.7 

39 

Germany 

4 

2.6 

9.3 

33 

Great Britain 

3 

1.4 

5 

25 

Total World 

1.5 

27.8 

100 

NA 

*Data not available. 


Fig. P-2. Telephone statistics for ten most highly developed countries at end of 1925. 
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END OF YEAR 


START OF SWITCHED 
TELEPHONE SERVICE 

Fig. P-3. Bell System telephone stations, 1880-1900. 

in use in 1885, only ten years after Bell's invention. Some of this rapid 
growth was probably due to novelty and the extraordinary interest in 
new things exhibited by people of the period. Part of the growth must 
also be credited to the telegraph which, starting about 40 years before 
the telephone, had demonstrated the value of rapid communication. 
Thus the public was ready to accept this new form of telecommunica- 
tion, which added to the transmission speed of telegraphy a grand new 
dimension: the instant two-way vocal exchange between individuals 
with no need for extensive experience or complex prior training. 

The great potential desire for this form of communication is evident 
when we recall how poor transmission quality was in 1885. Telephone 
communication at the time was carried out almost entirely by means of 
the unsuitable ground-return, iron-wire circuits previously developed 
for telegraphy. The unique electroacoustic converters which made the 
telephone possible were also in a very early stage of development. 
Receiver design had been pretty well stabilized in the 101 type of uni- 
polar device with permanent-magnet bias, but transmitters were still 
of the single-contact carbon type, mostly of the Blake design. These left 
much to be desired from the standpoint of speech quality, efficiency, 
and stability, but provided proof to the public that the voice communi- 
cation which they obviously desired was technically feasible. How- 
ever, it was apparent to the technicians of the time that growth, par- 
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Fig. P-4. Bell-owned telephone stations, 1880-1930. 

ticularly of long-distance telephony, was technologically limited unless 
important improvements could be made in transmission media and 
telephone instruments. Growth did indeed slow down for the ten years 
following 1884, but during this period telephone engineers were rapidly 
devising improvements, and these came along fast enough to support 
a linear increase of about 12,000 stations per year. 

By the early 1890s, a completely new technological basis had been 
devised for a system of telephony capable of operating over distances 
of a thousand or so miles. New transmission media had been devised 
to replace grounded iron wire, the early telegraph -type facilities being 
rapidly replaced by balanced copper pairs in the form of open wire for 
long-distance circuits and paper-insulated, dry-core cable in the cities 
where both aerial and underground installations were being made. 
Telephone instruments were improved greatly by the use of the bipolar 
magnet in the receiver and the granular-carbon transmitter. The latter, 
which became practical with White's solid-back structure, provided the 
efficiency and stability that was needed for the network of long-distance 
lines which was the primary objective in the founding of the American 
Telephone and Telegraph Company in 1885. And, finally, common- 
battery switching had eliminated the twin nuisances of batteries and 
hand generators on the customer's premises. 

Even though the goal of a nationwide network was still not in sight, 
system performance had been placed on a sound basis and, as shown 
in Figs. P-3 and P-4, a new spurt of growth began in the middle 1890s 
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which continued on an exponential basis for many years. 1 While this 
growth was stimulated by the technical developments of the first 25 
years of telephony, it continued at a high pace only because the second 
quarter-century brought completely new technology such as loaded 
lines, vacuum tube amplifiers, and carrier-current transmission systems. 
During most of this period of intense growth the telephone transmitter 
was the only source of amplification readily and cheaply available. 
Thus, a large part of the successful expansion of telephony over the 
vast area of the United States was owed to instruments designed to 
achieve the greatest possible distance with commercially practical trans- 
mission facilities. 

Toward the end of our 50-year period, the development of line ampli- 
fication began to free instrument design from the rigorous demands 
whereby transmission quality had been secondary to the achievement 
of maximum transmission distance. By the late 1920s, radically new 
instrument designs could be introduced into the plant and begin the 
vast improvement in ease and quality of transmission which featured 
the second 50 years of telephony and contributed largely to continued 
growth. However, the groundwork had been well laid by 1925. 

II. TECHNOLOGICAL GROWTH 

The growth of telephone technology has been the major subject of this 
volume, and we have just now mentioned briefly the more significant 
developments as background for interpreting plant growth. Thus there 
is no further need for a detailed summary of technical accomplishments 
in terms of hardware and systems; but a few words on the evolution 
of communication research and development techniques during these 
years will be pertinent. 

It was during these years that a whole new field of technology 
evolved. Starting with Bell's telephone invention and essentially no 
practice or theory to guide them, a small group of ingenious, prolific 
inventors, with little knowledge of the fundamentals of electroacoustic 
conversion or the propagation of electric waves, set out to develop a 
communication system that could be used by anyone without previous 
experience. Later, some of these individuals were brought together 
in an integrated organization known today as the Bell System which 
also encompassed operation, engineering, and manufacture. This was 
to prove a wise and productive move, since it provided close interaction 
between user and producer and also provided means for stimulating 

1 Between 1895 and 1910 the growth was at an annual rate of about 20 percent. After 
1910, growth slowed to 7—8 percent, but even including the seven depression years of 
the thirties, during which there was no growth, the annual increase in the 60 years since 
1910 has averaged just under 6 percent. 
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invention and development through an interchange of ideas among the 
most knowledgeable practitioners of the art. 

For a number of years, inventiveness and empiricism served well to 
provide the necessities for the fast-growing enterprise; but within the 
Bell System there was a visionary group of technical executives who 
foresaw the growth of a highly complex system and the need for a 
sounder theoretical approach based on analysis and measurement. To 
provide this base, the technical force was augmented by university 
graduates well trained in mathematics, physics, and the new art of 
electrical engineering. Their assignment was to establish for the de- 
veloping Bell System the deeper theoretical foundations required in 
order that the fast-growing plant could benefit from the best of tech- 
nology. In some cases this could be done by interpreting, for the 
practitioner, the research done by the "pure scientist" working far 
from the field of telephony. In other cases — and this became more 
common as telephonic science became more sophisticated — it became 
necessary to extend the theory provided by others or fill gaps in the 
field. By 1925, the value of this approach had been well demonstrated 
and the Bell R&D organization included many workers in pure and 
applied research as well as the engineers and technicians concerned 
with development and manufacture. Along with the theoretical work, 
measurement techniques, which are an essential in all true scientific 
work, were developed to fit the needs of the new field so that objective 
as well as subjective means became available for specifying and judging 
performance. 


III. EVOLUTION OF TECHNICAL ORGANIZATION AND MANAGEMENT 

The value of research, analysis, and measurement was not the only 
lesson learned in applying technology to the development of a nation- 
wide telephone plant. From an early date it was found that certain tech- 
niques of management greatly enhanced the effectiveness of an R&D 
organization. As an example, it was soon found that purchasing equip- 
ment, such as switchboards, from a variety of manufacturers led to a 
lack of compatibility which degraded system performance. As a result, 
the Western Electric Company was purchased in the early 1880s and 
became the manufacturing unit of the Bell System. This made possible 
the needed close cooperation between the designer-producer of tele- 
phone equipment and the engineering force of the parent company 
which, as representative of the user, specified requirements. 

This close liaison between user and manufacturer vastly increased 
the assurance that equipment designs would meet the user's needs and 
be compatible over the years and throughout the system . However, no 
mass production system is perfect, and techniques were needed to 
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assure a satisfactory product without 100-percent inspection, which 
would have been prohibitively expensive. This problem was also solved 
by the application of scientific methods using the techniques of mathe- 
matical statistics. The methods used, later referred to as "Quality 
Assurance," were so successful that they have been widely adopted 
throughout industry. In an oversimplified form. Quality Assurance as 
developed in the Bell System involved both an organizational technique 
and technical methodology. The essence of the former was assigning 
responsibility for control of quality to a group remote from the produc- 
tion organization. The technical methods used the application of mathe- 
matical statistics to determine when a production method was "in 
control" (subject only to unavoidable random variation) and the 
assignment of appropriate performance limits when such production 
was achieved. With this information as a starting point, further statis- 
tical analysis was used to set up an inspection system based on relatively 
small samples of product, to provide assurance that the production stan- 
dards were being met and that lack of production control would be 
promptly discovered. 

Not all the problems of industrial research and development involve 
recourse to abstruse scientific approaches. Many involve, to a greater 
degree, the quality called "common sense." With the growth in size 
and complexity of the telephone plant, the solving of "system" type 
problems soon exceeded the capability of any one individual. Some 
form of group approach was required. It was soon found that a group 
working in concert was far more productive than the same number of 
people working as individuals, particularly when the group was com- 
posed of people trained in different but complementary disciplines. 
This "team" approach has been one of the most valuable character- 
istic techniques in the technical advancement of the Bell System. 

As the System grew, remaining the dominant contributor to tele- 
phone technology, management recognized the potential dangers of 
depending too much on advances originating from within, and took 
steps to continually appraise the benefits which could arise from both 
external and internal competition. Some of the inventions which were 
to prove of great importance came from outside the Bell organization, 
such as the Edison transmitter, the de Forest audion, and the Strowger 
switch. As a result, much effort was devoted to following the art and 
testing new ideas so that valuable inventions such as these could be 
put to use. Very often these inventions were not of practical value as 
first conceived and needed extensive study and improvement by the 
Bell technical staff before their potential could be realized. The audion 
is an outstanding example of a device which originally had limited use 
because its functioning was not understood until subjected to intensive 
theoretical and experimental study by Arnold and his co-workers. 
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However, too much reliance could not be placed on external contri- 
butions, for relatively few outside workers had a broad knowledge of 
the communication field and it would be only fortuitous if the solution 
to an important current problem were to come from these sources. 
Primary reliance had to be placed, by necessity, on internal develop- 
ment effort; yet many solutions to a problem were often possible, with 
the optimum approach difficult to determine until development was 
well advanced. Thus there was instituted the unique approach of com- 
peting development teams, one of the first products of this approach 
being White's 1890 solid-back transmitter which successfully outper- 
formed the instruments developed by several competing Bell designers. 
Probably the first wide-scale use of this technique was in the develop- 
ment of common -control switching. In this project, dual development 
teams not only provided competitive stimulation of ideas but, since 
they worked in the same general organization, could meet frequently 
for an interchange of ideas so that the general system plan could, at 
each development stage, incorporate the better features of the two ap- 
proaches being followed. Since that period (the first decade of the twenti- 
eth century), internal intellectual competition has become the rule 
rather than the exception. 

Towards the end of the nineteenth century, the addition of research 
scientists to the Bell staff brought new challenges to management. 
There had been a feeling in the predominantly academic research field 
that the industrial area, dominated by the goal of utility, was incom- 
patible with the researcher's primary objective of a search for scientific 
knowledge without regard to immediate application. The manner in 
which these supposedly incompatible goals were melded into successful 
industrial research in the Bell System has been told very completely in 
Chapter 10, and only a few aspects will be briefly mentioned here to 
emphasize the necessity of meeting the special needs of the scientist. 

The field of research, like the world in general, includes many kinds 
of people and it was of first importance to select those who had both the 
capability for outstanding scientific investigation and also the breadth 
of view to see that the application of new knowledge could be as ex- 
citing as its production. Fortunately, ''detached'' scientists having no 
desire, or even capability, for solving the day-to-day problems of 
applied technology, often display an eagerness to make their findings 
more useful when they discover that human needs are to be served. 
Such scientists, however, might not find industrial research perma- 
nently satisfying unless the environment is one which recognizes the 
long-range value of new knowledge long before it can be commercially 
demonstrated. There must be assurance that research can be pursued 
without dominance by business or manufacturing pressure. There 
must be encouragement and the physical means for free interchange of 
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ideas both within the organization and in academic and professional 
circles. And finally, there must prevail an awareness of practical goals, 
a sense of purpose, without limiting the depth to which relevant knowl- 
edge can be pursued. It was an auspicious sequel to one of the greatest 
inventions in history, that the leaders of the enterprise had the vision 
to see these needs as they had not been seen before, and at an early 
date to adapt management style to their fulfillment. 

The organizational milestone reached in 1925 by the formation of 
Bell Telephone Laboratories (as related in Chapter 2) was a formal 
recognition of the great value of the technological advances of the first 
50 years. We have been pointing out that these advances included not 
only the creation of new technology but also major steps in the develop- 
ment of the art of managing R&D. This 50-year period had demonstrated 
the benefits of an integrated organization with close liaison between 
all elements from the producers of the system to the user of the services. 
It had demonstrated the value of pure and applied research, and finally 
it had shown that a large organization could maintain the highest 
degree of vitality by the use of internal competition and through guid- 
ance by an experienced and understanding management alert to chang- 
ing times and ready to adapt to them. 

IV. THE OUTLOOK 

The management of the new Bell Telephone Laboratories was faced 
with many challenges, but obviously had good reason for facing them 
with confidence. As we look back from the seventies we can see that 
the second 50 years of telephony was a tremendously productive period 
that no one could have predicted in specific terms. Its history will be 
covered in other volumes, but it will not be out of place to speculate on 
what the problems looked like in 1925 and the paths toward their solu- 
tion as seen by the telephone engineer of that day. 

It must have been obvious that the telephone market was far from 
saturated. Only 40 percent of the United States households had tele- 
phones and only about one-third of these had single-party service. 
Service over transcontinental distances was still new and overseas 
service was not to commence for two years. Rapid growth in traffic 
had accompanied each extension of the service distance, and large 
growth in both long-distance and local service seemed inevitable if costs 
could be kept within the reach of the bulk of the populace. Transmission 
over the early telephones was tolerable, but long-distance transmission 
was often achieved only with considerable effort. By 1925, improve- 
ments were being made and accepted with enthusiasm . Early misgivings 
about machine switching had given way to enthusiastic acceptance. 
With only 13 percent of the Bell stations handled by machine methods, 
the potential for growth in this field was very large indeed. 
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The direction the future should take was also fairly obvious. Ex- 
pansion of plant to provide more useful service, improvement in the 
speed of service and quality of transmission, and mechanization to avoid 
a potential shortage of operators were some obvious goals. And all of 
this had to be accomplished at reasonable and hopefully lowered cost 
to the user with appropriate return to the owners for the use of their 
capital. It was all summarized by Walter S. Gifford, then President of 
AT&TCo, in a speech made in Dallas on October 20, 1927, at a meeting 
of the National Railroad and Utility Commissioners. Two brief sentences 
quoted from his remarks will give the essence of his views: 

Our policy and purpose are the same as yours — the most telephone service 
and the best, at the least cost to the public . . . With your sympathetic 
understanding we shall continue to go forward, providing a telephone 
service for the nation more and more free from imperfections, errors or 
delays, and always at a cost as low as is consistent with financial safety. 

Bell Laboratories could face this challenge with confidence. 

The station designers were at last freed by recent transmission de- 
velopments from the need to design for maximum volume efficiency. 
They could concentrate on improving the naturalness of speech and 
optimizing the transmission of intelligence within the constraints im- 
posed by reasonable costs. And they had the theoretical and laboratory 
tools needed for designing to meet specifications and testing the ef- 
ficiency of their designs. 

The designers of the transmission network had physical and technical 
means in sight for carrying speech for almost any distance over land or 
sea. The use of radio (for overseas transmission) would be restricted 
by limitations in the available frequency spectrum, but the use of under- 
sea cable over long distances was no longer inconceivable. Technically, 
the barrier of distance had been overcome and the main constraint was 
now economic. Here, carrier transmission had already demonstrated its 
potential for savings, though its ultimate power for economy of scale 
could not be imagined since it was to depend on inventions not yet con- 
ceived. (However, probably the most powerful tool, negative feedback, 
was only a few years away.) Improvement in the quality of speech 
transmitted was a certainty. Improved station sets were already being 
designed and further transmission improvement in telephone circuits 
would be the obvious result of the new technology made possible by 
the electron tube, carrier transmission, and the many offshoots of net- 
work theory. 

The general pattern of the switching network had been set so that 
rapid establishment of calls from anyone, anywhere, to anyone else, 
anywhere else, was no longer a potential technical problem. Here again 
economics was the main constraint; the desired service was an objective 
to work towards with every hope for its ultimate achievement. Effec- 
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tive, easy-to-use, manual switching systems were available for switch- 
ing the network and two highly usable machine systems were already in 
use. For the moment, growth in mechanization was largely a matter of 
cost reduction, orderly growth to avoid loss of jobs, and improvement 
in service features. All of these matters were well within the realm of 
practicality. There were surely some who had begun to think of possible 
new fields for machine switching (toll systems, for example) but there 
was probably no one who could conceive of all the wheels which would 
ultimately be set in motion by the invention some years before of the 
indirect, common-control type of system. 

Backing up the work on systems, which had laid the groundwork 
for so much that was yet needed, were the successful management 
techniques which had been developed for conducting and applying 
research, the means for closely controlling the quality of manufactured 
product, and a type of organization providing close integration of the 
user, technical developer, and manufacturer. 

One who lived through these days has an indelible memory of the 
feeling that pervaded the Bell R&D community, a feeling of confidence 
that a way would be found to meet their objective, and that the key 
to opening the closed doors would be the cooperative application of 
the best in science and technology while working closely with the manu- 
facturer to fulfill the needs of the user. 
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lampblack transmitter, 68, 69 
mechanical repeater, 254 
telegraphy, 724 
Edmunds' coin box, 156 
Education and training 
Harvard lectures, 826 
teaching the deaf, 2, 958 
telephone operators, 535, 671 
telephone subscribers, 534 
WECo out-of-hours, 1919, 825 
West Street colloquia, 985 
Edwards, G. D., 868 


Egerton, Henry, 187 
Eiffel Tower, 367 
Elapsed time recording, 625 
Eldred, H. H., 483 
Electroacoustic 
systems, 180, 924 
transducers, 178 
Electrolytic capacitors, 836 
Electromagnetic 
receiver, 86 
transmitter, 189 

Electromechanical analog, 925 , 934 
Electron emission, 971, 997 
Electron tube. See Tube 
Electronic amplifier, 257 
Elements, isotopes, 964 
Elmen, G. W., 1906, 979, 981 
magnetic materials, 801, 980 , 983 
Elsinore, Denmark, 244 
Emission, electron, 968 
Enciphering. See Ciphering 
Energy, speech, 943, 944 , 951 
Engineering Dept. 

AT&TCo, 42, 43, 

Inspection, 862, 864 
WECo, 42, 50 

England, WECo business, 607 
Englund, C. R., 1914, 915 
field strength, 455 
sideband analysis, 280 
Entertainment business, 437 
Equalization 

Campbell's theory, 272 
lines, 902 
operator load, 531 
repeaters, 268 
talker level, 419 
Zobel's theory, 906 
Equipotential cathode, 846 
Equivalent 
4-wire, 286 
circuit, 820 

Erickson brothers, 545, 560 
Erickson, C. ]., dial, 559 
Erlang, A. K., 541, 923 
Error rate 

central -office operator, 506, 584 
for transmission, 750, 779 
Espenschied, L., 
field strength, 462 
radio history, 913 
Essick page TTY, 725 
Europe, WECo business, 581, 607 
Exchange. See also Central office 
automatic, 544 
definition, 471 
early telephone, 20, 33, 477 
law, 731 
multioffice, 502 
multiple board, 490 
Philadelphia, 729, 731 
telegraph, 484, 730 
teletypewriter, 784 
Exeter Place shop, 1876, 9 
Expanded paraffin wax, 212 
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Explosion-proof telephone, 175, 177 
Export, 140 
Exposition, 1876, 13 

Face-centered cubic, 984 
Fading, radio 
and skip, 918 
broadcast signals, 450 
compandor problem, 419 
selective, 408 
Fanning holes, 529, 530 
Far-end crosstalk. See FEXT 
Famham, I. H., heat coil, 341 
Father, A. G. Bell's, 927 
Faults in panel, clearing, 597 
Federal Radio Commission, 426 
Feedback 

acoustic, handsets, 147 
Arnold, audion, 364 
Black, negative, 908 
in mechanical repeater, 255 
Ferris, R. M., 856 

Ferromagnetism. See Magnetic alloys 
Fessenden, R. , radiotelephony, 354, 357, 362 
FEXT, far-end crosstalk, 328 
Fidelity 

compromise with loudness, 99 
high, components, 182, 296 
high, transmission, 296, 443 
Field, Cyrus, 725 
Field strength, radio 
contours, 450 
measurements, 462, 915 
mobile equipment, 457, 458 
Field trials of panel, 581 
Filament materials 
lamps, 526 

thermionic tubes, 841, 974 
Filter design 

adjustable inductor, 831 
Campbell, 279, 904 
ladder, 766 
Norton, 908 
Zobel, 904 

Finder. See Line finder 
Fingerwheel. See Dial 
Fire control, naval, 377 
Firman, Leroy 

multiple switchboard, 490 
recall signal, 483 
First 

automatic Bell office, 1921, 585 
automatic exchange, 1885, 546 
broadcast, 1907, 425 
broadcast program, 1919, 426 
carrier system, 1918, 282 
commercial telephone use, 1877, 20 
directory, 1878, 477, 478 
dividend, American Bell, 32 
electronic repeater, 1913, 842 
exchange, 1878, 477 

intelligible speech by telephone, 1876, 12 
PBX, 1879, 661 
permalloy, 1915, 802 
radiotelephone service, 1920, 387 


switchboard, 1878, 172 
telephone, 1875, 8, 9 
telephone booth, 1878, 163 
transatlantic cable, 725 
Five-bit TTY code, 725 
Flame, sensitive, 2 
Flat-top antenna, 455 
Flat-woven cable, 581 
Fleming's tube, 258, 355 
Fletcher, H., 1916, 935 

and Acoustical Society of America, 956 
hearing studies, 939 
Floating battery charge, 701 
Flutter interference, 806 
Forbes, W. H., and American Bell, 30 
Ford, W. S., and MDF, 530 
Foreign business, 33, 607 
Forest. See de Forest 
Formant^ 954 

Forsberg, multicoin box, 161 
Foster, R. M., 912 
Four-party ringing, 570 
Four-wire circuit, 266 
Fourier analysis, 765, 900 
Fowler, Dr. E. P., 943 
Frame, distributing, 496, 529 
France, WECo business, 608 
Fraud, 162 

French telephone, 140 
Frequency 

control, 318, 430, 448 
for ringing, 120, 121, 703 
for signaling, 240, 632 
Frequency allocation, 383 
Hoover commission, 384 
Frequency division, 240. See also Carrier 
Frequency range 

broadcast equipment, 441, 442 
capacitor microphone, 181 
noise, 335 

open wire lines, 207 
telephone, 71, 72 

Frequency space. See also Bandwidth 
Friis, H. T., 1919, 917 
field strength, 455 
radio propagation, 918 
Froment's telegraph sender, 545 
Fry, T. C., 1916, 537, 924 
Full-period circuit, 468 
Fuller battery, 110, 112 
Fulton, W. S., 836 
Furnace permeameter, 815 
Fuse, 340 

Gain control, 272 
Gallows telephone, 9 
Gannett, D. K., 635 
Gap. See Lightning 
Gas focusing, 322 
Gas in thermionic tube, 972 
Gauge, vacuum, 972 
Generator 

as amplifier, 893 
battery charger, 700, 701 
carrier frequencies, 773 
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for calling, 119 
for ringing tone, 705 
spark, for radio, 356 
standby, 697 
Germer, L. H., 1917, 976 
electron reflection, 997, 998 
Gherardi, Bancroft 
and BTL, 52 
and inspection, 861 
and interference, 336 
automatic switching, 683 
common signaling, 637 
Ghost circuit, 239 
Gifford, George, 31 
Gifford, W. S., 52 
Gilliland, E. T. 

automatic switching, 546 
operator set, 172 
peg switch, 487 
receiver case, 93 
Glass cable insulator, 202, 214 
Glass capacitor, 838 
Glenn, H. H., 992 
Globe Newspaper Co., 735 
Gold and Stock Telegraph Co. 
patent suit, 31 
switchboard, 484, 486, 728 
telephone system, 484 
Government, U.S. 

AT&TCo and Western Union separation, 36 
frequency allocation, 383 
Grace, S. P., 1925, 53 
Graded multiple scheme, 569 
Grand System, A. G. Bell, 60 
Grand Rapids, 563 
Gray, E. A., graded multiple, 569 
Gray, Elisha 

at Centennial Exposition, 13 
TTY, 725 

Gray, Frank, 1919, 923 
color television, 923 
Gray, William, coin box, 156, 159 
Grecian Key antenna, 412 
Green Harbor, Mass., 385 
Grid for electron tube 
bias, 260, 364, 382, 705 
Buckley manometer, 972 
de Forest invention, 258 
leak, 372 

Ground potential, 709, 737 
Ground return operation, 16, 204, 487, 560, 633, 
733, 743 

Gutta percha, 832, 959, 987 

Half-section filter, 905 
Hall, E. J., 852 
Handicapped 

artificial larynx, 954, 955 
hearing aid, 257, 846 
Handset design, 144, 145 
acoustical problems, 146 
AST, 144 

Bell types, 1890- 1902, 140, 141 
French type, 140 
Harmonic ringing, 121 


Harmonic telegraph, 732 
Harmonic Telegraph Co., 31 
Harris, James E., 1917, 974 
Harris, J. W., 1907, 959 
Harrisburg, Pennsylvania, 282, 772 
Harrison, H. C., 925, 934 
Hartford, Conn., 156, 477 
Hartley, R. V. L. 

information theory, 909 
oscillator, 364 
Harvard University, 826 
Havana, Cuba, 230, 244 
Hawaii, 366 

Hawthorne Works, 808, 854, 859 
Hayes, H. V., 1885, 883 

and automatic switching, 547 
AT&TCo, Chief Engineer, 42 
crosstalk, 499 
heat coil, 341 
protection, 338 
radiotelephony, 362 
retirement, 897 
solid-back transmitter, 83 
Hazard from lightning, 325 
Headband, 93, 172 
Hearing 

basilar membrane, 942, 947 
Fletcher review, 939 
least detectable difference, 928 
masking, 941 
Hearing aid, 846 
Heat coil, 338, 342 

Heat treatment, magnetic alloys, 811, 979, 980 
Heater for tube, 849 
Heaviside 
loading, 244 
operational theory, 899 
Heising, R. A., 1914, 912 
modulator, 439 

vacuum tube voltmeter, 319, 320 
Heimholtz, 1862 book, 927 
Herman, L., 778 
Hertz, H. 

and telegraphy, 350 
radio experiments, 349 
Heusler alloys, 984 
Hewitt, P. C., discharges, 258 
HF radio telephony, 408, 422 
Hibbard, A. S., MDF, 530 
Hierarchical network, 471 
High frequency. See HF 
High voltage 
capacitor, 838 
line carrier, 288, 289 
ringing, 120 
History 
radio, 349 
SxS and panel, 614 
telegraph switching, 727 
telegraphy, 719 

Hoboken, N. J., 684 
Holbrook, C. W., coin box, 158 
Holding time, 541 
Holmes, E. T., 476 

burglar alarm business, 20 
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switchboard, 476 
switchhook, 114 
telephone service, 1877, 476 
Home coin box, 171 
Hoover, H. (future President), 384 
Hopkinson, reactors, 886 
Horn loudspeaker, 186 
Hotel PBX, 672 

Houlton, Maine, low-noise site, 399, 400 
House, R. T., 724 
Houskeeper seal, 397, 849 
Hoyt, R. S., 1912, 902 
Hubbard, G. G., 476 
in Congress, 29 
with A. G. Bell, 9 
Hubbard, Mabel, 21 
Hudson Motor Co., 783 
Hughes, D. E. 
magnet, 16 
microphone, 66, 67 
TTY, 724 

Human factors, 61, 146 
dialing, 577, 610 
telephone sets, 146 
Humaston, J. P., 724 
Hunning, H., 73 
Hunt, L. E., 914 
Hunting in switches, 561 
Hutin, carrier telephone, 277 
Hybrid transformer, 106, 265, 387, 819 
Hyperbolic functions, 901 
Hysteresis, 982, 984 

IDF, 530 

Ignition noise, 378, 408 
Image impedance, 904 
Impedance 
concept, 900 
matching, 820 
matching in ear bones, 939 
terminology, 904 
Impregnants, 834 
Inauguration 

Coolidge, 1925, 790 
Taft, 1909, 251 
In-band signaling, 638 
Incandescent lamps 
filament, 526 
replace drop, 499 
Indicator. See Call; Volume 
Induction coil. See Inductor 
Inductive loading. See Loading 
Inductor. See also Coil 
adjustable, 831 
design, 800 
powder core, 830 
Industrial research, 971 
Information desk, 508, 510, 570 
Information theory, 909 
Input transformer, 821 

Inspection engineering, 861, 869. See also Quality 
control 

BTL, 869, 870, 872 
WECo, 854, 864, 866 


Instability 

acoustic, handsets, 147 
magnetic materials, 806 
Instantaneous power, acoustic, 944, 945 
Insulation 

basic research, 987 
cotton, cable, 209, 216 
gutta percha, 725 
paper, 216 

powder particles, 806 
Insulators, line, 200, 202, 208, 248 
Intelligibility 

of speech, 943, 952. See also Privacy 
of speech, Campbell, 902 
repetition count test, 309 
Intelligible crosstalk, 324 
Intercept desk, 509, 511 
Intercom 

aircraft, 372, 373, 375 
handset, 140 
PBX, 688 

Interference. See also Crosstalk 
electric power, 325 
flutter, 806 
ignition, 378 
industry committee, 336 
radio, static, 324, 920 
telegraph, crossfire, 632, 720, 727, 767 
Intermediate distributing frame. See IDF 
Intermodulation distortion, 405 
International action 

frequency allocation, 384 
units, 307 

International Consulting Committee on Teleph- 
ony. See CCITT 

International Telephone and Telegraph Company. 
See ill 

Interoffice calls, 587 
Interrupter, ringing, 694, 704 
Intertoll signaling, 627, 647 
Intertoll trunks, 616 
Inward ticket, 621 
Ion emission, 973 
Ionization gauge, 972 
Ionosphere, 913 
Iron 

alloys, 802, 981 
box telephone, 12 
cable loading, 812 
powder cores, 244, 806 
wire cores, 817, 978 
wire lines, 201 
Isotopes, 964 
Iterative impedance, 904 
ITT, 33 

Ives, H. E., 1920, 790, 922 

Jack field, multiple, 493 
Jack. See also Plug 
compact, 495 
WECo production, 515 
Jackknife switch, 491, 492, 513, 514 
Jacob, F., phantom circuit, 236, 237 
Jansky, K. G., 361, 921 
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Jersey City, 697 
Jewett, F. B., 1904, 895 
and amplifier, 257, 967 
President, BTL, 52 
Johnson, J. B., 910 
CRT, 322 

Johnson, K. S., 100, 908 
and AST, 826 

Johnson noise, 361, 910, 911 

Johnston, John, of Yale, 986 

Joint Committee, 336 

Jones, R. L., quality control, 861, 877 

Jones Lock Switch, 728 

Jones, W. C., carbon transmitter, 186 

Joyce, M. J., 731 

Just detectable difference, 938 

KDKA, radio station, 426 
Keith, A. E., 545, 566 
dial, 559 

Kelly, M. J., 1928, 973 
101D tube, 842 
president, BTL, 974 
Kelsall permeameter, 815 
Kelvin 

at 1876 Exposition, 13 
EM theory, 885 
KR law, 241 
telegraph receiver, 726 
Kemp, 987 
Kennelly, A. E. 
impedance, 900 
ionosphere, 913 
Key 

PBX, 667, 674, 677 
set, 168, 603 
shelf, 495 
switch, 515 

Key West, 230, 244, 812 
Keyboard, TTY, 747 
Kilpatrick, J. L., 860 
Kingsbury, J. E., 479, 534 
Kingsbury, N. C., 47, 833 
Kleinschmidt, 758 
Knife-edge relay, 520, 521 
Knudsen manometer, 972 
Koenig manometric capsule, 2, 927 
Kohman, G. T., 1923, 986 
Kraft paper, 833 
Krarup, C. E., loading, 244 
Krum, H. and C. L., 759 
Kunsman, electron emission, 997 

Laboratories. See BTL 
Laboratory, Boston, 44, 897 
Laboratory, industrial, 884 
Ladd, 1863, 65 
Ladder filter, 766 
Laminated core, 109 
Lampblack speech record, 2 
Lampblack transmitter, 69 
Lamps 

filaments, 526 


replace drop, 499 
switchboard, 523 
Lane, C. E., 1921, 941 
Langmuir, 969 
La Porte, Indiana, 124 
Laryngo-periskop, 953 
Larynx, artificial, 954, 955 
Latch, drop, 518 
Lattice network, 907 
Law company, 474, 484, 729 
Lawrenceville, N.J., 410 
Laving cable, 220, 233 
Lead 

antimony, 215 
battery, 497 
cable sheath, 215, 229 
tin, 833 

Leasing system, 28 

Least detectable difference, 928, 938 

Leblanc, 277 

LeClanche, cell, 110, 112 

Lectures by Bell, 17 

Leicester, Mass., 546 

Lenford, E. A., 530 

Lettered dial, 478, 584 

Level control, talker, 419. See also VU 

Lewiston, Maine, 238 

Lewiston, Mass., 499, 817 

Leyden jar, 838 

LF 

radio, 359, 394, 405, 408, 522 
ringing, 631, 703 
Licensing 

patents, 31, 212, 382 
radio stations, 426 
system in telephone company, 28 
Lieben tube, 258, 364 
Life time 

batteries, 112 
capacitors, 836 
tubes, 841 

Light beam transmission, 362, 896 
Lighthipe, J. A., 121 

Lightning 
arrestor, 460A 
gas tube, 340 
hazard, 325 

protection, 126, 248, 337, 339, 340 
Lincomplex, 420 

Line. See also Cable; Loading; Party; Private 
balance and crosstalk, 265, 326 
coaxial, 414 
echo, 272 

electrical characteristics, 245, 305 
subscriber. See loop 
2-wire. See Metallic 
wire. See Open wire 
Line finder, 565, 571, 593, 687 
Line switch, 565, 571, 686 
Linear amplifier, 448 
Lineman's set, 140, 141, 173, 176 
Liquid transmitter, 11, 65 
Listening tests, 303 
Livery stables, 477 
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Llewellyn, F. B., 911 
Loaded cable 
Boston, 1900, 243 
long lines, 251 
submarine. See Continuous 
Loaded open lines, 244, 248 
Loading coils 

and phantom circuits, 247, 250 
dc effects, 806 
economics, 249, 978 
evolution 1901-16, 247, 249 
iron core, 806, 959 
powder core, 247, 249 , 806 
production, 805 
Pupin patent, 244 
spacing, 244 
volume, 809, 811 

Loading, continuous, 244, 812, 979 
Local battery, 81, 109, 489, 497 
Fuller cell, 110 
LeClanche cell, 112 
vs. common, rural lines, 132 
Lock switch, 728 
Lockwood, T. D., 479 

metallic vs. ground return circuits, 204 
radiotelephone, 363 
repeaters, 254 
telegraph switching, 727 
telephotography, 784 
Lodge, O. ]., 351 
Log conduit, 225, 226 
Logarithmic response. See Decibel 
London conference, 383 
Long distance circuits 
4-wire, 266 

attenuation, 233, 323, 897 
capital needs, 34 
duplex TTY, 751 
echo, 272 

Long Lines Dept., 35 
radio, 422 
signaling, 631, 636 
telegraph multiplex, 631 
toll operation, 619, 659 
transmitter, 73 
Type ] carrier, 334 
Long, G. A., coin box, 157 
Long Lines Dept., 35 
Loop antenna, 455 
Loop, subscriber, 81, 228, 343, 470 
and trunk, 343, 470 
Lorimer, 547 
Los Angeles, 599 
Loss, core, 809, 820 
Loss, transmission, 309 
Loudness 

and fidelity, 99, 305, 322 
and sound pressure, 946 
tests, 303 
Loudspeaker 
cone, 187 

moving coil, 187, 189 
telephone, 187, 188 , 293, 425 
Louisville, Kentucky, 448, 499 
Low frequency. See LF 


Low noise antenna, 399 
Lowenstein, F. 
amplifier, 260 
grid bias, 364, 382 
Lowry, H. H., 1920, 987 
Lucas, F. F., 1910, 962 
Lumped circuit, 820 
Lundquist, with Strowger, 1894, 545 
Lyng, ]. ]., 1925, 53 
Lyon, E. H., 1890, 38, 39 

m-derived filter, 904, 905 
M-type generator, 700, 701 
Macdonald conduit, 225 
Machine switching. See Automatic switching 
Machine, cipher, 754 
Machine, speech, 948, 954, 955 
Machine-manual interface, 576, 601 
Magnetic alloys, 805, 814, 979, 993 
Magnetic printer, cross, 745 
Magnetic storms, 408, 410 , 422 
Magnetized receiver case, 93 
Magneto ringer 
drive, 631, 696 
Watson's , 119, 491 
Magneto telephone, 17, 72, 103 
Magnetostriction, 993 
Magnetostrictive receiver, 65, 83 
Magnets, receiver, 16, 88, 93 
Mail service 

and telegraph, 721 
Theodore Vail, 29 
Main distributing frame. See MDF 
Maine, low noise site, 399 
Maintenance 
batteries, 706 
central office, 613 
common control, 579 
desk in central office, 509 
lightning arrestors, 340 
operator, manual offices, 5% 
panel, 596 

Mansbridge metallized paper, 835 
Manometer, 972 
Manometric capsule, 2, 3, 927 
Manual switching 

board capacity vs. plug size, 493, 515 
board size problem, 493 
busy test, 494 

chronology, 1878-97, 495, 498 
CLR operation, 642 
components, 509 
conferences, 534 
Cortlandt, N. Y., 1888, 496, 497 
early boards, 498 
early complexity, 481, 502 
Edison exchange, Chicago, 490 
Law system, 1882, 484, 485 
multiple board, 489, 502 
operator action, 494, 495, 502 
PBX, 676 

supplementary services, 508 
tandem boards, 505 
target board, 490 
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telegraph, 728 
through board, 641 
timing calls, 621 
toll board, 641 

Manual vs. automatic switching 
interface, 552, 571, 576, 578, 599 
maintenance, 596 
performance, 549, 564, 570 
semiautomatic, 552, 582 
system size, 549, 573, 582, 609 
transition systems, 552, 578 
Manufacture 

and inspection, 969 

battery chargers, 702 

booths, 166 

broadcast systems, 441 

capacitors, 832 

carbon transmitter, 81, 82 

coin box, 161 

copper wire, 202 

in small shops, 1870-80, 482 

iron powder, 807 

loading coils, 252, 805 

permalloy, 805, 812 

receivers, 98 

relays, 520 

resistors, 839 

rotary switching system, 581, 607 
solid-back transmitter, 79 
Strowger equipment, 554 
SxS and panel, 612 
transatlantic cable, 1930s, 814 
transformers, 822 
TTY, 760 

vacuum -tubes, 378 
Watson's responsibility, 27 
Manufacturers 

Charles Williams, 5 
Gray, 161 
Morkrum, 760 
Turner-Armour, 166 
Marconi, transatlantic radio, 353 
Marconi Company, 353, 406 
Marine telephony, 385. See also Ship 
Marker, 576 

Marriage, A. G. Bell's, 21 
Marriott, R., 260 

Marrison, W. A., quartz clock, 319, 991 
Martin, D. K., 451 
Martin, W. H., 309, 462 
Masking, aural, 941 
Massachusetts and American Bell, 34 
Massachusetts Institute of Technology, See M.I.T. 
Master Transmission Reference System, 179, 308 
Matching, impedance 

carbon transmitter to line, 103 
in ear bones, 939 
tube to line, 820 
Mathematics 

and traffic, 536, 896 
engineering, 924 
information theory, 909 
Mathes, R. C., compandor, 419 
Mathies, W. H., 609 
Mattke, C. F., 124 


Maumee, Ohio, 282 
Maxfield, J. P., 1926, 925 

electromechanical analog, 934 
Maxwell, J. C., 87, 277, 349, 885, 965, 976 
McBerty, F. R., 607 
McKeehan, L. W., 1921, 982 
magnetics, 801 
McNair, A., 215 
McPherson, H. D., 637 
McQuarrie, 608 
McTighe, T., 545 
MDF, 530 
Measurements 

precision, Cioffi, 992 
radio, 454, 915 
transmission, 303 

Mechanical amplifier, 253, 255, 257 
Mechanical Dept., Amer Bell, 37 
Mechanical oscillograph, 934 
Meissner, 364 
Membrane, 16, 79 
Memory, read-only, 593 
Mendeleev table, 963 
Mercadier, E. J. P., 362 
Mercury 

arc for battery charger, 707 
vapor amplifier, 258, 259, 967 
Merger 

American Bell into AT&TCo, 34 
AT&TCo and Western Union, 36, 742 
Los Angeles systems, 599 
Morkrum, to Teletype, 760 
Meriden, Conn., 479 
Mertz, P., television, 908, 923 
Message 

accounting, 627 
meters, 170 

registers, power for, 203 
switching, 471, 741 
Messenger service, 474, 720 
Messenger strand for cable, 221, 222 
Metal 

physics, 979, 984, 997 
seal to glass, 397 
surface, electron study, 997 
vacuum problems, 397 
Metallic circuits (2-wire) 

common battery, central office, 570 
Cortlandt, N. Y., central office, 496 
crosstalk, 326 
demonstrated, 204 
telegraph, 633, 767 
Metallized paper capacitor, 835 
Metallurgical studies, 958, 974 
Meter, message, 170 
Meter, VU, 295, 320, 321 
Metropolitan areas. See also Cities 
first automatic office, 553, 585 
numbering plan, 583 
semiautomatic central office, 583 
tandem offices, 584, 603 

Metropolitan Telephone and Telegraph Company, 
728 

Mica capacitor, 836 
Microfarad standard, 836 
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Microphone. See also Transmitter 
capacitor, 179, 180, 181, 439 
carbon-pencil, 68 
double button, 187 
high fidelity, 296 
Hughes, 67 
terminology, 67 
water-cooled, 293, 425 
Microscopy, 965 
Mile. See Attenuation 
Military. See also War 
frequency allocation, 383 
radiotelephony, 368 
ruggedized tube, 845 
telephones, 175 
Milk Street, Boston, 37 
Miller, D. C., Case School, 934 
Miller, Kempster, 112, 547 
Miller, Inspection engineering, 868 
Mills, J., 1925, 53 
Minchin, G. M., 351 
Mine telephones, 175, 177 
Miniature tubes, 845 
Mirror galvanometer, 726 
M.I.T., 1876 demonstration, 13 
Mobile measuring equipment 457 
Modulation 
double, 401 
Heising, 372, 439 
high level, 363 
light beam, 896 
low level, 443 
pulse code, 922 
rectifiers, 279 
spark discharge, 895 
tube circuits, 261, 364 
van der Bijl, 366 
Moisture 

cable splicing, 220 
capacitors, 835 
Molecular gauge, 972 
Molina, E. C., 1898, 540 
blocking, 540 

translator and register, 574, 924 
Molybdenum permalloy, 804, 830 
Monitor, panel, 597, 598 
Monopoly, patent, 17 
Montauk, N. Y., 365, 368 
Montreal, power plant, 696 
Moore, C. R., 146 
Morgan, S. O., 1928, 988 
Morkrum TTY Co., 759 
teletype corp, 760 
TTYs, 761, 763 
Morristown, N. J., 717 
Morse, S. B. 
relay, 519 

telegraph vs. TTY, 739 
telegraphy, 717 
Morse board, 739, 740 
Morse code, 719, 

Morse ticket system, 637 
Morton, Joy, 759 
Moscicki capacitor, 838 
Motor 

alternators, 311, 312, 776 


driven selectors, 547, 592, 595 
rotating standby, 703 
synchronous, 625, 701 
Mount Pleasant, Ontario, 15 
Moving coil speaker, 185, 187 
Multicoin box, 161 
Multioffice exchanges, 502 
Multipath propagation, 451 
Multiple switchboard 

common battery, 1900, 500, 501 
evolution, 1878-1885, 495 
invention, 489 
PBX, 675, 676 
Multiple telegraphy, 7 

Multiple Unit Steerable Antenna. See MUSA 
Multiple wiring, graded, 569 
Multiplex. See also carrier 
and wave filter, 279 
composite circuit, 1892, 240 
phantom circuit, 236 
shipboard, 370 
telegraphy, 725, 755, 757 
telephony review, 1912, 278 
Multistage switching, 560 
Murphy, insulating materials, 992 
Murphy, VF signaling, 635 
Murray, D., 725, 756 
MUSA antenna, 424, 918 
Music 

sound analysis, 953 
transmission, 299 


Nails, microphonic, 67 

Names vs. numbers on dial, 577 

National Bell. See AT&TCo 

National Broadcasting Company. See NBC 

National conventions, 786 

National Electric Light Association (NELA), 336 

National Telephone Exchange Assoc., 484, 534 

Nationwide switching, 650, 651 

Naval 

radiotelephone, 570 
telephones, 175 
NBC, 437 

Near-end crosstalk (NEXT), 327, 328 
Negative feedback, 236, 908 
Negative resistance amplifier, 896 
NELA, 336 

Nelson, E. L., VU, 320 
Neper. See Decibel 
Netcong, N. J., 410 
Network 

broadcasting, 299, 430 
building-out, 265, 903, 904 
hierarchical, switching, 471, 651 
lattice, 907 
private, TTY, 781 
simplex, 735 
telegraph, 1851, 475 
telephone, design, 469, 542 
telephone, growth, 347, 482 
theory, 180, 272, 826, 907 
Neutral current telegraph, 72, 73 
New York City. See also West St. 

1849 telegraph, Philadelphia, 720 
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1886 telephone, Philadelphia, 734 
1888 private line, Boston, 734 
1892 line, Chicago, 206, 249, 255 
1897 line, Omaha, 206 
1911 line, Denver, 249 
1923 carrier, Pittsburgh, 773 

1923 radiotelephone, London, 401 

1924 telephotography, Cleveland, 786 
AT&TCo, 1885, 34 

broadcast signal, 449, 461 
broadcast stations, 429 
BTL headquarters, 53, 56 
Cortlandt, central office, 495, 497, 601 
early loaded cable, 249 
lab move from Boston, 897 
Pennsylvania automatic, central office 1922, 
553, 585 

police TTY network, 782 
Queens automatic central office, 547 
underground cable 1887, 225 
WECo move from Chicago, 33 
New York incorporation 
AT&TCo, 34 
BTL, 52 
WECo, 33 

Newark, N. ]., 249, 552, 582 
Newspapers 

Boston Advertiser 1876, 15 
Boston Globe, 1877, 17 
Globe Company, 735 
New Haven Register 1880, 155 
The New York World, 664 
Toronto Globe, 15 
United Press, 780 
Nichols, H. W„ 1914, 917 
radio propagation, 407 
Nickel 

electron reflection, 1000 
filament, 843 
magnetic alloys, 804, 979 
Nicolson, A. M., 1912, 973 
cathodes, 846, 847 , 973 
crystal control, 318, 990 
piezoelectricity, 988 
Night rates, 618 
Nobel prize, 1001 

Noise. See also Crosstalk; Interference 
early switch rooms, 487 
generator, 700 
ignition, 378, 408 
Johnson, 910, 911 
power line, 336 
radio, site, 399 
Schottky, 910 
Noisy channel, 909 
Non-decimal switching plan, 574 
Non- voice communication, 742 
Norfolk, Virginia, 370, 554 
North Atlantic, 386 
North Conway, N. H., 17 
North Electric Co., 554, 582 
Northern New Hampshire Railroad, 662 
Norton, E. L., 1922, 889, 908 
Norway, 406 
Number display, 577 
Number, telephone, first use, 484 


Numbering plan, 126 
and lettered dial, 126 
and multistage SxS, 562 
customer convenience, 5 77 
first use, 484 
problems, 577 
translator, 608, 924 
Nyack, N. Y., 230 
Nyquist, H., 1917, 908 
amplifier noise, 911 
digital signals, 766 
telegraph distortion, 778 
VF signaling, 635 

O' Connell, J. J., 499, 523 
O'Dell, G. F., 923 
Oakland, California, 229, 753 
Observing desk, 509 
Odell, J. B.,52 

Office. See Central; Exchange; Tandem 
Oil, cable filling, 210 
Oil, transformer impregnant, 822 
Oklahoma, 293, 425 
Omaha, 206, 553 
On-line display of voice, 958 
One-way trunks, 507, 629 
Ontario, S.S., 385 
Open wire lines, 199 
carrier telegraph, 768 
congestion in cities, 209 
copper, 203 
echo, 272 

electrical characteristics, 205 
frequency response, 207 
induced voltage, 248, 342 
insulators and poles, 199 
iron and copper, 201 
leakage, 208, 248 
loaded, 248 
long haul, size, 207 
New York- Boston, 1880, 33 
New York- Philadelphia, 1886, 734 
plant status, 1905, 764 
sag control, 334 
single wire, 16 
standardization, 205 
transcontinental, 262, 323 
transposition, balance, crosstalk, 205, 265, 326, 
335 

Type A carrier, 282 
Operating companies 
inspection, 857, 874 
supply contract, 857 
Operating methods 
A-B and CIR, 657 
non-callback, 622 
PBX, 671 

standardization, 534, 621 
straightforward, 630 
supervision by subscriber, 679 
timing calls, 625 
toll traffic, 619, 622, 659 
Operational equations, 900 
Operator, telephone. See also Operating methods 
A and B, 503, 580 
boys and women, 484 
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call circuits. See Signaling 

call distribution to, 603 

calls to machine office, 576, 595, 603 

chief, desk, 509, 511 

cost studies, 546 

employment, economics, 550, 669, 684, 693 
indicator of calls by machine, 577, 595, 601 
information, assistance, 509, 510, 600 
inward, 621 

labor force, 550, 582, 613 
monitor in panel, 598 
outward, 621 

procedures, 490, 494, 505, 620 
role in maintenance, 549 
routing, 603 

task of, 485, 496, 583, 596, 660 

telephone set, 94, 172, 173, 174 , 486 , 491, 603 

toll ticketing, 619 

training, 535, 671 

vs. customer dialing, 552 

zero, 600 

Operator, Morse, 751, 778 
Optics, 922 
Oral cavity, 947 
Orbital mechanics, 966 
Orchestra, Philadelphia, 295 
Order wire, 484, 494, 630 
Organization chart, 41, 48, 50, 

Oscillator 

Colpitts and Hartley, 364 
crystal control, 318, 990 
de Forest, 364 
motor-alternator, 311 , 312 
tube, 261, 312 , 364, 776 
vibrating reed, 312 
Vreeland mercury arc, 311 
Oscillograph 
cathode ray, 320 
mechanical, 934 
radio measurements, 462, 918 
speech sounds, 950 
Oswego, N. Y., 731 
Otis Elevator, 781 
Otologists, 4, 939, 943 
Out-of-hours courses, 825 
Outdoor telephone sets, 175, 176 
Output tube, 1915, 366, 367 
Outside plant review, 1900, 231 
Outward calls 
restricted, PBX, 685 
ticketing, 620 

Overseas. See Radiotelephony 
Oxide. See Cathode 

Pacific Telephone and Telegraph Company, 599 
Pack, R. F., 336 

Packing. See Carbon transmitter 
Page, C. G., 65, 83 
Page printer. See TTY 
Paget, speech study, 952 
Pagoda booth, 166, 168 
Pair. See Cable; Line 
Palatogram, 953 
Panama, 366 

Panel Call Indicator. See PCI 


Panel switching system 
and SxS, 585, 683 
call indicator, 595 

calls to manual central office, 595, 603 

district selector, 585 

economics, 581, 612 

economics, size, vs. SxS, 599 

field trial, 581 

growth, 585, 599 

history, review, 613 

line finder, 593 

maintenance, 596 

PBX, 682 

PCI, 603 

revertive pulsing, 590, 595 
routing, 585 
selectors, 587 
sender, 593, 596 
sender monitoring, 596, 598 
sequence switch, 592 
signaling, 594 
switch bank, 581, 588, 590 
tandem, 603 
test gear, 596 
trunking plan, 581, 585 
Paper insulation 
cable, 217 
capacitor, 833, 834 
metallized, 835 
Paraffin wax, 212, 834 
Paraffined paper, 832 
Paris, France, 68, 366 
Paris, Ontario, 14 
Parker, R. D., 755 
Party line, 468, 535 
ringing, 122, 570 
Patent conflicts 
coin box, 160 
frequency control, 318 
loading coils, 243, 244 
oscillator, 364 
permalloy, 980 
resonant connection, 159 
telephone, 13, 31, 489 
telephone. Western Union vs. Bell, 489 
tuning, 352 
vacuum tube, 261 
Patents 

A. G. Bell, 1876, 10 

agreements, 432, 489, 554, 582, 760 

association, 25 

Bell, expiration, 551 

licensing, 382 

value to Bell, 17, 46 

Western Union refusal of A. G. Bell's, 31, 489, 
733 

Patterson, W. R., 212 
Pay station, 154, 155 
PBX 

550 series, 676 
600 series, 679 
700 series, 684 
automatic, panel, 682 
automatic, rotary, 682 
automatic, SxS, 683 
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automation, 682 
circuit, 1904, 672 
conference calls, 662, 686 
definition of term, 471, 615 
desk top, 676 
dial service, 685 
economics, 660, 669, 684 
first AT&TCo standard, 666 
first, 1879, 661 
growth, 691 
intercom, 683, 688 
large, 672, 679 
No. 1, 666 
No. 2, 667 
No. 4, 672 
No. 505, 676 
operators, 660, 671, 693 
power supply, 679, 706 
Queens System, 682 
satellite, 687 
signaling, 672 
size range, 679 
terminology, 660 
through dialing, 686 
trunking, design, 471, 671, 680 
PCI, 595, 603 
Peak. See Instantaneous 
Peanut tube, 841, 846 
Peg switch, 487 
Peking radiotelephone, 374 
Pennsylvania 

central office. New York City, 585 
Police TTY, 783 
telephone company, 707, 729 
Pennsylvania , U.S.S., 370 
Periodic table, 963 
Permalloy 
binary, 981 

continuous cable loading, 802, 812, 813 
powder, 807, 808 , 830 
properties, 804, 982, 983 , 984 
ternary, Cr, 804 
ternary. Mo, 804, 830 
transformer core, 800, 825 
Permeability 

iron and steel, 802, 806 
low field, 978 
permalloy, 804 
Permeameter, 815 
Perminvar, 814 
Perne, Ray, 759 
Person-to-person calls, 619 
Phantom circuit, 236 
Phase equalizer, 906 
Phillips code, 741, 752 
Phoenixville, Pa., 330 
Phonautograph, 3, 4 , 927 
Phonodeik, 93 
Phonetics, 949 
Photo. See Telephotography 
Photography, 922 

Photomicrography, 960 , 961 , 962, 979 
Photophone, 362 
Physical design, repeaters, 268 
Pickard, G. W., 1899, 895 
radiotelephony, 362 


Pierce, G. W., 318 
Pierce, J. R., 934 
Piezoelectricity, 318, 988 
Pilot wire, 272 
Pin switchboard, 729 
Pinkernell, F. A., 122 
Pitch discrimination, 939 
Pittsburgh 

broadcasting, 426, 437 
carrier telegraph, 772 
carrier telephone, 282 
Gold and Stock exchange, 729 
Plant, outside 

planning, 1906, 343 
review, 1900-26, 347 
review, 1900, 231 
review, 1905, 764 
review, power, 1920s, 709 
wire, 1900, 764 

wire, transcontinental, 1915, 262 
Platinum filament, 841 
Plow, cable laying, 223 
Plug and jack 

1877 switchboard, 476 
1882, 513, 514 
busy test, 494 
dead collar, 515 
TRS, 513 
Plumbago, 68 
Plunger-type switch, 686 
Point-to-point operator, 624 
Point-to-point radio, 383 
Poisson distribution, 541 
Polar 

relay, 768, 769 
telegraphy, 722 
Polarity ringing, 121 
Polarized call bell, 116, 118 
Poldhu, England, 406 

Pole lines. See also plant 
insulators, 201, 208, 248 
spacing, 199 
wood, 200, 232 
Police TTY network, 782, 783 
Popov, radio, 352 
Porcelain insulators, 958 
Portable coin box, 156, 157 
Porter, L. F., 647 
Position. See Operator 
Post Office, British, 608 
Postmaster General, 584 
Potential, ground, 709, 737 

Potter, R. K., 957 
radio measurement, 451, 462 
signal/noise ratio, 920 
Poulsen arc, 357, 368 
Powder core, 806 
Power ratio. See Decibel 
Power, 60-Hz line 

factor, improvement, 701 
industry, 336 
interference, 325 
protection, 325, 341 
Power, signal. See also Field strength 
and antenna, 399, 424 
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broadcast, 441 
output tube, 397, 849 
radiotelephony, 363, 393, 411 
speech, 945 
telephone, 198, 363 
Power supply 
central office, 1886, 696 
common-battery central office, 697 
local-battery central office, 697 
PBX, 679, 706 
rectifiers, 706 
reliability, 697, 699 
repeaters, 705, 765 
standby, 697, 706 
POZ, Germany, 915 
Preamplifier, No. 47A, 182 
Precision inductors, 831 
Precision measurements, 992 
Premises, customer 
batteries, 79, 109 
drop wire, 227 
message meters, 170 
Prepayment, coin box, 155, 156 
Prescott, 1878, 832 
President 

AT&TCo, 30, 34 
BTL, 52, 972, 974 
Western Union, 36 
President Hoover, 384 
President Taft, 251 
Press network, 746, 780 
Pressed capacitor, 833 
Pressure measurement, 972 
Pressure, sound, 931 
Preventive maintenance, 596 
Primary batteries, 694 
Primary outlet, 650 
Printer, page. See TTY 
Printer, tape, 754 
Printing telegraph. See TTY 
Privacy. See also Party line 
scrambling, 957 
sideband shift, 391, 420 
wobbling RF, 420 
Private branch exchange. See PBX 
Private line 

Pell enters field, 734 
switched network, 780 
telephone-telegraph, 734 
Prize. See Nobel 

Probability. See also Quality control 
Fry, 924 
Molina, 540 
Producer's, risk, 881 
Production. See Manufacture 
Program circuits 
broadcasting, 292 
carrier problems, 296 
delay distortion, 300 
Programs, broadcast, 430 
Progressive switching, 563, 576, 585 
see also S xS 
Propagation, line, 272 
Propagation, radio 
anomalous, and broadcasting, 449 


fading and skip, 360, 918 
frequency dependence, 358 
HF, power needs, 358 
measurements, 394, 451, 918 
optical, 355 

Prospectus, A. G. Bell's, 1877, 21 
Protection 
fuse, 338 
lightning, 337 
power lines, 341 

Psychology. See Hearing; Speech 
Public address systems, 185, 187, 293, 425 
Public telephone, 153 
definition, 154 
Pulp insulation, 220, 833 
Pulse code modulation, 922 
Pulse distortion, 750 
Pulse signals 
dialed, 559 

generating machine for senders, 593 
revertive, 581, 592, 607 
TTY, 747 

Pump log conduit, 225, 226 
Pupin 

loaded lines, 244 

patent conflict with Campbell, 243 
tuned circuits, 277 
Purification of materials, 992 
Purves, British Post Office, 608 
Push-pull amplifier, 364 
Pushbutton, 129, 557 

Quadded circuit, 229, 239 
Quadruplex telegraph, 724 
Quality control 
and assurance, 851 
American Society for, 882 
risk, 880 

Shewhart, chart, 877, 879 
standards, 876 
statistical, 863 

Quarles, quality control, 863 
Quartz 

crystal structure, 989, 990 
frequency control, 318, 990 
Queens switching system, 547, 682 
Queensboro Corp., 429 
Queuing theory, 541, 618 
Quiet battery, 702 

R&D organization, 42. See also BTL; WECo 
Rack, relay, 268 
Radiation physics, 965 
Radio 

aircraft, 371, 373 , 375 , 377 
alternator and arc, 362 
amateur, 406 
artificial line, 456 
frequency allocation, 383 
history, 349, 354, 913 
interference, 361, 378, 920 
marine, 353, 370, 385 
military, 368 
patents, 382 
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spark, 356 
telegraphy, 353, 393 
Radio antennas 
aircraft, 374 
Bruce, rhombic, 412 
low noise and directive, 360, 399, 412 
measurement, 455, 562 
MUSA, 424 
Radio broadcasting 
circuits, 1930, size of, 299 
equipment, 428, 431, 437, 440 
station 2XB at West St., 1920, 431, 437 
wire, 1913, 293, 425 

Radio Corporation of America. See RCA 
Radio detectors 
audion, 356 
coherer, 351 
diode, 355 
magnetic, 355 
spark, 350 

Radio measurements 
field strength, 449, 915 
thermocouple, 456 
Radio modulation 
Heising, 372, 439 
light beam, 896 
low level, 443 
pulse code, 922 
spark discharge, 895 
tube circuits, 261, 364 
van der Bijl, 366 
Radio propagation 

anomalous, and broadcasting, 449 
fading and skip, 360, 918 
frequency dependence, 358 
HF, power needs, 359 
measurements, 394, 451, 918 
optical, 355 
path loss, 418 

Radio scientists 
Alexanderson, 357 
de Forest, 260, 356 
Fessenden, 354, 357, 362 
Fleming, 355 
Friis, 918 
Lodge, 352 
Marconi, 352 
Popov, 352 
Poulsen, 357 
Stone, 362 
Tesla, 357 
Radio transmitter 

frequency control, 441 

power tubes, 397, 398, 403, 411, 438, 848, 
849 

spark, 384 

stations, 401, 407, 410, 426 
WWJ, Detroit, 426 
Radio, transatlantic 

amplification needs, 414 
HF service, 409 
LF service, 391, 400, 405 
Marconi, 353 
stations, 400, 410 


system study, 414 
talker level adjustment, 418 
Radio- wire interconnection, 381 
Radiotelephony. See also Transatlantic radio 
amplification need, 414 
Catalina, 387 
Central America, 424 
companding, 419 
disruptions, 408, 410, 422 
instability, 414 

international network, 422, 423 
LF vs. HF, 359, 391, 408, 409, 422 
multiplex, 424 
Peking, China, 374 
power need, 359, 363, 394 
privacy, 391, 420, 957 
single sideband, 399, 412 
South America, 410 
transpacific, 424 
value, 381, 422 
Rag paper, 833 
Railroad, electric, 336 
interference, 325, 336 
mail service, 29 
PBX, 685 

Rainey, P. M., 922 
Random traffic, 470 
Raritan Bay, 230 
Rates 

telephone service, 169, 546 
toll, 169, 618, 627 
toll broadcasting, 429 
transatlantic, 401 
transcontinental, 264 
Rayleigh, 889, 934 
RCA 

antenna, 401 
cross licensing, 382 
formation, 382 
NBC, 437 

radio propagation, 385 
Reactance, 820, 887 
Read-only memory, 593 
Reading-type repeater, 268, 271 
Receiver, radio 

superheterodyne, 412 
transatlantic telephone, 401, 410 
tuning, patent, 352 
Receiver, telegraph 
alphabetic dial, 730 
mirror galvonometer, 726 
TTY, 748, 749 

Receiver, telephone. See also Operator; Sta- 
tion apparatus 
analysis, piston, 931 
bipolar, 92, 182 
butterstamp, 20, 89 
characteristics, 1890-1920, 99, 101 
design, 86, 98 

electromagnetic, reciprocal, 63 
Gilliland, magnet case, 93 
high fidelity, 182 
iron box, 12 
magnetic headband, 93 
magnetostrictive, 65 
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manufacture, 98 
mechanical repeater, 253 
Richards' small, 93 
Recording 
elapsed time, 625 
field strength, 459 
speech, 926, 948 
tape, telegraphy, 719, 720 
toll charges, 620 
Rectifiers, 706 
Red layout, 299 
Reed-hinge relay, 522 
Reed oscillator, 310, 312 
Reed, vibrating, discovery, 7 
Rees code, 718 
Reeves, A. H., 922 
Refund, coin box, 156 
Regenerative repeater, 750, 754 
Regional centers, 650, 651, 652 
Register, 574, 580, 607 
Regulator 
gain, 268 
voltage, 372, 701 
Reis, J. P., 65 
Relay 

analysis, design, 521 
as amplifier, 512, 519 
B type, 525, 679 
cut out, echo, 273 
D type, 522 
E type, 522, 679 

impact of sender on numbers, 575 

knife edge, 520, 521 

large numbers in a call, 520 

manufacture, 520 

Morse's, 520 

No. 215, 635 

No. 218B, tuned, 634 

R type, 523 

rack, 268 

reed hinge, 520, 521 
transfer type, 520, 522 
Reliability. See also Quality control 
central -office power, 697 
Remote central office, 705 
Repair clerk, 509, 512 
Repeater. See also amplification 
4-wire, 266, 267 
21 and 22 type, 264, 265, 266 
and loading, 252 
crosstalk, 328 
design, 268, 902 
echo, 272 

first electronic, 842 
gain control, 272 
hybrid coil, 265, 819 
mechanical, 254 
No. 1A and 3A, 255, 257 
patents before 1896, 254 
physical design, 1915, 268, 269 
power supply, 706 
review, 1896, 254 
ringthrough, 633 
signaling problems, 633 
stability, 264 


telegraph, 233, 738, 750, 767, 780 
terminology, 233, 254 
transatlantic cable, 814 
Repeating coil (transformer) 
carbon transmitter, 105 
crosstalk, 499 
phantom circuit, 817 
signaling through, 633 
telephone-telegraph, simplex, 817 
terminology, 817 
type 37A, 1904, 819 

Repetition count test. See Intelligibility 
Republic, S.S., 353 
Republican convention, 1924, 786 
Reserve power for central office, 699 
Residence. See Premises 
Resistance 
negative, 896 
network theory, 906 
resistors, 838 
toll cable, 228 

variable, for transmitter, 64 
Resistivity, permalloy, 804 
Resonance 

applied to multiplexing, 277 
in telephone receiver, 86 
Maxwell and mechanical analog, 277 
radio, building frame, 448, 462 
Resonant connection, coin box, 154 
Resonator, oral cavity, 947 
Response, ear 

basilar membrane, 942, 947 
masking, 941 
non-linearity, 942 
Wegel and Lane calculation, 941 
Response, frequency 
Blake transmitter, 71 
broadcast equipment, 441 
open wire lines, 207 
transients in audio, 945 
Restaurant coin box, 156 
Restricted calling from PBX, 685 
Retardation coil, 829 
Revertive pulsing 
panel system, 595 
rotary system, 607 
Reynolds, J. N., 576, 609 
Rhodes, F. L., 344, 893 
Rhombic antenna, 412, 424 
Rice, S. O., 914 
Richards, W. L., 30 
22 repeater, 265 
heat coil, 341 
small receiver, 172 
Richardson's equation, 968, 975 
Richmond, Virginia, 484 
Ricker, loudspeaker, 187 
Riesz, R. R., 954 
Ring contact, plug, 513, 555 
Ringdown operation, 630, 631 
Ringers 

bridging, high impedance, 120 
frequency, 121 
Watson's magneto, 481, 491 
Ringing. See also Signaling 
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automatic, 570 
automatic vs. manual, 505 
detection, tuned relay, 634 
long line circuits, 631 
party line, selective, 121, 570 
telegraph interference, 631 
Ringing frequency 
1,000 Hz, 635, 703 
135 Hz, 632, 703 
16- 17 Hz, 489, 631, 703 
20 Hz, 121, 631, 703 
Ringing generator frequency, 121 
Ringing power 
alternator, 489 
foot-treadle, 694, 695 
high voltage, 120 
pole-changer, 695, 704 
subcycle generator, 705 
vibrator, 694, 695 
Ringthrough, repeater, 633 
Risk in quality control, 880 
Roberts, J. G., 53 
Robertson, J. H., 576, 609 
Robertson, John, 215 
Robes, E. C. 
capacitor, 832 
selective ringing, 123 
Rochelle salt, 989 

Rocky Point, Long Island, 400, 405 
Roller skate messengers, 621 
Romig, H. G., 881 
Roosevelt, H. L., 114 
Root, H. C., 156 
Rorty, M. C., 1899, 896 
traffic theory, 539 
Rosebrugh, A. M., 832 
Rotary information files, 509, 510 
Rotary switching system 
common control, 607 
design, 580 
panel preferred, 581 
PBX, 682 

WECo, Europe, 581, 607 
Round's tube, 364 
Routine testing, 596 
Routing 

alternate, 471 
operator, 620, 650 
optimization, switching plan, 650 
Rubber, 987 
Rugby, England, 410 
Ruggedized equipment, 379, 380 , 845 
Ruhmer, E., 278 
Rural lines, 132 
Rural offices, 580 
Russell, G. O., 953 
Rysselberghe. See van Rysselberghe 

Sacia, C. F., 1916, 935 
speech studies, 944 , 945 
Sag in wire line, 334 
Salem, Mass., 17 
Sampling 

digitization, 958 
Dodge and Romig, 881 


Shewhart, 537 
WECo, 1906, 854 

San Francisco. See also Transcontinental 
submarine cable, 229 
toll growth, 656, 657 
wire broadcast, 295, 425 
Sanders, T. 

Bell company, 1877, 26 
supports A. G. Bell, 5 
Satellite PBX, 687 
Scale, logarithmic. See Decibel 
Scattering, electron, 997 
Schelleng, radio propagation, 407 
Schottky, W., 910 
Schumacher, E. E., 1918, 974 
Scott's phonautograph, 3, 927 
Scrambled speech, 957 
Scribner, C. E., 1877, 482 
AST circuit, 106 
click test for busy, 494 
coin box, 160 

high-impedance signaling, 496, 499 
jackknife switch, 491, 492 , 513 
message meters, 170 
multiple switchboard, 495 
2-wire circuit, 496 
WECo chief engineer, 44 , 482 
Seal, metal-to-glass, 397, 849 
Sealed coin box, 162 
Seasonal radio effect, 403 
Seattle , U.S.S., 370 
Secondary emission, 997 
Secret. See also Privacy 
TTY systems, 755 
Sectional windings, 822 
Secure. See Privacy; Secret 
Selective circuit, radio, 279 
Selective ringing. See Party; Ringing 
Selector switch 
crossbar, 609 
district, panel, 585 
graded multiple, 569, 574 
motor drive, 547, 581, 592, 595 
number base, 574, 585 
panel, 588 

progressive, direct, 575 
revertive pulse, 595 
rotary, 580 
single level, 546 
Strowger, 556, 574 
vs. line finder, 565 
wiring, flat, 580 
Self-restoring. See Drop 
Semaphore, 716 

Semiautomatic. See PBX; Switching 
Sender 

and decoder, 594 
function, 575 
monitoring, 596 
panel, 593 
relay economy, 575 
tandem office, 606 
Sensation. See Hearing 
Sequence switch, 581, 592 
Shackelton, W. J., 815 
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Shadow, radio, 450 
Shanck distortion, 778 
Shannon, C. E., 909 
Shaw, F., 484 
Shea, T. E., 908 

Sheath, cable, 215, 216 , 229, 959, 960 
Shewhart, W. A., 1925, 863 
quality as variable, 876 
quality control chart, 877, 879 
sampling, 537 
statistical analysis, 988 
Shielded 
bridge, 915, 916 
transformer, 826 
Ships 

frequency allocation, 383 
multiplex, 370 
radio mandated, 353 
radiotelephone, 370, 385 

S.S. America, 385, 460 

S.S. Gloucester and Ontario, 385, 460 

S.S. Republic, 353 

S.S. Titanic, 353 
U.S.S. Arkansas, 370 
U .S.S Florida, 370 
U.S.S. Neu? Hampshire, 370 
U.S.S. Pennsylvania, 370 
U.S.S. Seattle, 370 
Shirt button cable, 214 
Shore. See Ship 
Short-haul carrier, 288 
Short wave. See HF 
Shot noise, 910 
Shreeve, H. E. 

mechanical amplifier, 254 
radiotelephony, 366 
relay repeater, 819 
Sideband, single, 281 
and privacy, 420 
Carson and Arnold, 281, 899 
HF radio, 412, 424 
suppressed carrier, 281, 385 
Sidebands. See Bandwidth 
Sidetone, 105. See also AST 
Siemens, W., 119, 204, 725 
Signal lamps. See Lamps 
Signal, radio. See Fading; Field strength 
Signal/noise radiotelephone, 394, 395 , 396 , 920 
Signaling 

135 Hz, 632, 634, 705 

1,000 Hz, 635, 705 

1,000/20 Hz, 635 

and carrier systems, 290 

automatic, 123, 633 

coin box, 159, 162 

common channel, 482, 637 

composite set, 632 

dc and ac, 636, 643 

definition, 113 

distributor system, 639, 640 

echo re-ring, 635 

in panel, 594 

intertoll, 627, 647 

lamps, 499, 523 

loading effect, 633 

one-way and two-way trunks, 629 


operator drop, 123 

operator, pushbutton, 129 

order wire, call circuit, 484, 493, 637, 730 

PBX, 672 

recall, end of call, 483 
ringdown, 630, 631 
ringthrough repeaters, 633 
straightforward, 637 
supervisory, 637, 672 
talkoff, 635 

telegraph interference, 240, 631, 767 
toll problems, 627, 642 
VF, in-band, 634, 638 
Signals 

bandwidth, 898 
coded, TV, 922 

Nyquist and Shannon theory, 766, 909 
Silicon steel, 109, 801 
Silvered mica, 836 
Simon, L. E., 856 
Simplex telegraph, 632, 735, 817 
Singing, handsets, 144 
Single sideband. See Sideband 
Single-wire circuit. See Ground 
Siphon receiver, 726 
Site, antenna, 399 
Size and economy 

automatic vs. manual switching, 548, 550 
panel switching, 612 
SxS switch, 610 
Skin effect, 899 
Skip distance, 360, 918 
Sky wave, 360. See also Antenna 
Skyscraper radio shadow, 449 
Sleet storm disruption, 251 
Sleeve. See Plug 
Slugs (fraud), 162, 1971 
Smith, Isaac, 477 
Smith, J. G., 560 
Sneak current, 338 
Social telegraph association, 477 
Sodium silicate, 809 
Soft iron loading, 244 
Soldered terminals, 529 
Solderless terminals, 588 
Solid back. See Carbon transmitter 
Somerville, Mass., 18 
Sound. See also Hearing; Speech 
electrical analog, 5 
peak factor, 945 
power, 945 
pressure, 938, 946 
Rayleigh theory, 934 
representation, 927 
spectra, 945, 951 
speech, 947, 954 
thermophone, 930 
transducer, 65. See also Transmitter 
underwater, 935 
South Bend, Indiana, 282 
Southern California Telephone Co., 599 
Southgate, England, 410 
Southworth, G. C., 912 
Space charge, 969 
Spacing, loading coils, 244 
Spacing, pole lines, 200 
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Span, transposition, 331, 332 
Spark gap detector, 350 
Spark gap protector. See Lightning 
Spark, radio. See Transmitter, radio 
Speaker. See Talker level 
Spectrum. See Speech 
Speech. See also Bearing 
A. G. Bell, 2 
electrical analog, 5 
intelligibility, 952 
machine production, 948 
power spectrum, 943, 944, 954, 957 
representation, 927 
scrambled, 957 
statistical analysis, 953 
visible, 2 

vocal tract analog, 953 
vocoder, 954 
Splicing, 220, 327 
Split-band radio, 420 
Split-bank wiring, 593 
Spool vs. toroid core, 822 
Squier, G. O., 278 
S.S. See Ship 
SSB. See Sideband 
St. Simon, Georgia, 365 
Stability. See Singing 
Staff. See Organization 
Staggered frequency, carrier, 286, 324 
Standard, Bell System, 638 
Stanley Steamer, 208 
Star-quad. See also Cable, 238, 326 
Start-stop or inter. See TTY 
Static, radio, 324, 361, 390. See also Interference 
Station apparatus. See also PBX; Receiver; Ringer; 
Transmitter 
and amplifiers, 100 
and transmission, 61 
booth, 163 
cabinet set, 129, 130 
coffin set, 128 

common vs. local battery, 123, 129 
definition, 60, 534 
dial, 124, 546 
evolution, 190 
first WECo set, 129, 130 
human factors, 61, 146 
operator set, 173 
protection, 126, 129 
pushbuttons, 129, 557 
switchhook, 129 
wall set No. 1317, 132 
Station set. See Station apparatus 
Station switching. See Switching 
Stations, broadcasting 
2XB, N.Y., 431, 437 
8XK, Detroit, 426 
WBAY, N.Y., 429, 431 
WBL, Detroit, 437 

WEAF, N.Y., 319, 430, 432-435, 437 
WHAS, Louisville, 448 

Stations, radio. See Radio; Receiver; Trans- 
mitter 
Statistics 

data analysis, 878, 988 


quality control, 863, 881 
traffic, 535, 896 

Steady-state theories, 900, 949 
Steel. See also Iron 
ball transmitter, 70 
wire cores, 806 
Steerable antenna, 424, 918 
Steinberg, J. C., 1922, 946 
Steiner, J. A., 496 
Steinmetz, C. P., 900 

Step by step. See SxS 
Stereophonic music, 68, 295 
Stethoscope, 67 

Stewart, J. Q., 954 
Stokowski, Leopold, 295 

Stoll, quality control, 860 
Stoller, H. M., 372 
Stone, J. S., 1890, 890 
and radiotelephony, 1892, 357, 362 
and audion, 260, 364 
and multiplex telephony, 279 
continuous loading, 243 
resonant circuits, 892 
rotating amplifier, 893 
transmission theory, 243 
tuned circuits, 277 
X rays for amplification, 892 
Storage battery. See Battery 
Storms 

electric. See Lightning 
magnetic, 408, 410, 422 
sleet, 251 

STR. See AST; Sidetone 
Straightforward signaling, 506, 630, 637 
Stromberg-Carlson, 859 
Strowger, A. B., 545 

Strowger Automatic Telephone Exchange, 545 
Strowger switching system. See also SxS. 
Augusta, Georgia, 1897, 561 
basic switch, 554 
complexity of first, 545, 556 
dial invention, 559, 560 
Erickson brothers, 545 
La Porte, Indiana, 124 
Miller's 1905 review, 547 
multistage switching, 561 
traffic problems, 561 
WECo manufacture, 554 
Studio, broadcast, 430 
Studio, television, 796 
Subcycle generator, 705 

Subjective tests, transmission, 309. See also 
Intelligibility 

Submarine cable, 229. See also Transatlantic 
continuous loading, 979 
dry core 1899, 229 
England to continent, 1851, 725 
Key West-Havana, 230 
New York-New Jersey, 1883, 229 
San Francisco-Oakland, 229 

Subscriber. See Customer 
Subscriber loop. See Loop 
Subscriber multiple. See manual 
Substitute materials 
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for rubber, 987 
for tin, 959 

Suit, patent. See Patent conflict 
Superheterodyne, 402, 412 
Supervision. See Operating methods 
Supervisory. See Signaling 
Suppressed carrier. See Sideband 
Suppressors, echo, 273 
Surface, electron reflection, 997 
Surge. See Lightning 
Survey. See Field strength 
Swaim's code, 718 
Sweden, 608 
Swiss commutator, 487 
Switch. See also Selector 

automatic as cord substitute, 557 

basic Strowger, 554 

basic to SxS, 564 

contact banks, 554, 612 

coordinate, 566, 567, 609 

crossbar, 609 

jackknife, 513, 514 

Jones lock, 728 

key, 515 

line, 566, 686 

peg, 487 

sequence, 581, 592 
Swiss commutator, 487 
switchhook, 114 
WECo, universal, 485 
Switchboard. See also Manual 
chronology, 1878-1897, 495, 498 
Gold and Stock Co., 483 
multiple appearances, 502 
Switching centers, 650, 651, 652 
Switching system. See also Automatic; Central 
office; Manual, Panel; PBX; Rotary; Signal- 
ing; Strowger; SxS 
basics, 468, 472 
Clement, 554 
common control, 572 
computer analogy, 572 
coordinate, 1921-25, 575 
director, 608 

economics, 546, 548, 530 

foreign developments, 607 

growth, automatic, 1925-65, 613 

manual vs. automatic, 547, 550, 573, 609 

Queens, 1902, 547, 682 

review, 1875-1925, 711 

review by Carty, 1910, 551 

semiautomatic, 552 

size problem, 551, 573, 576 

station, 468, 546, 669 

telegraph, 727 

toll, 615, 653 

toll plan, 647 

trunking and numbering, 124, 561, 577, 580, 583 
Village, 1884, 546 

SxS switching system. See also Strowger 
blocking, 561 
development, 556 
dial intercom, 1916, 683 
direct control, progressive, 575 
economics of size, 569, 609 


growth, 612 
history, 614 

La Porte, Indiana, 1895, 124 
large cities, 599 
manufacture, 612 
patent agreements, 582 
PBX, 682 

vs. common control, 608 
vs. panel, 585, 683 
Syllabic compandor, 419 
Synchronization 
selectors, 595, 607 
TTY motor, 748 
Synchronous clock, 319 
Synchronous motors, 625, 701 
Synthetic speech. See Speech 

Taft, President, 251 
Talker level 

automatic compensation by VOGAD, 419 
compandor, 419 
human factors study, 150 
operator adjustment, 418 
Talking battery, 702 
Talkoff, signaling, 635 
Tandem office 

concentration function, 505, 650 

definition, 113, 470 

error, 506, 584 

growth, 506 

No. 1 toll board, 642 

panel, 605 

semimechanical, 605 
sender, 606 
transmission loss, 650 
Tantalum capacitors, 837 
Tape loading for cable, 981 
Tape, paper, 719, 720 , 754 
Target board, 490 
Tarrytown, N.Y., 230 
Teaching deaf, 2, 958 
Teamwork 

automatic switching, 580 
radiotelephony, 365 
Telegraph 

A. G. Bell, 7, 66, 732 
Bell leaves field, 1879, 31 
Bell System, 1876-1910, 732 
carrier, 290, 769, 776 
code, 718, 719 , 756 

companies. See Gold and Stock; Law; Western 
Union 

distributor signaling for telephony, 639 
early history, 716 
multiple, A. G. Bell, 66 
printing. See TTY 
private line, 734 
private networks, 738, 743, 744 
radio, 374, 393, 406, 914 
review, 1910, 739 
S. B. Morse, 717 
Social, 1874, 477 
Telegraph operating methods 
code, 718, 719 
distortion effects, 777, 779 
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Phillips code and bug key, 741 
printed message, 1849, 720 
speed, 726, 738, 741 
Telegraph repeater 
1892, 737, 738 
and telephone, 233 
improved, 1919, 767 
regenerative, 750, 754 
spacing, 780 
Telegraph switching 
call wire, 730 
early history, 727 
Law system, 784 
private line, 780 
transfer trunks, 560 
Telegraph-telephone multiplex 
Bell practice, 733 
composite, 240, 736 
signaling interference, 632, 639 
simplex, 632, 735, 817 
voice interference, 767, 806, 832 
Telephone. See also Redever; Transmitter 

and telegraph multiplex. See Telegraph-tele- 
phone 

A. G. Bell invention, 8 
booth, 163 

circuits, instability, 144 

directory, 477 

education, 535 

exchange association, 534 

growth, 1900-30, 551, 573 

human factors, 146 

number. See Number; Numbering 

operator. See Operator, telephone 

plant. See Plant 

switching. See Switching 

traffic. See Traffic 

Telephone cable. See also Cable; Line 
attenuation, 889 
unrepeatered transatlantic, 813 
Telephone companies. See also AT&TCo 
American District, 155 
Bell of Philadelphia, 729 
District, New Haven, 20, 29 
independents, 550, 551 
Law, 474, 484 

Metropolitan Telephone and Telegraph, 728 
New England, 29 

Pacific Telephone and Telegraph, 598 
Southern California, 599 

Strowger Automatic Telephone Exchange, 124, 
545 

Telephone Despatch, Boston, 20, 29 
Western Union subsidiary, 31 
Telephone set. See Station apparatus 
Telephone transmitter. See Transmitter, telephone 
T elephotography 

commercial service, 1926, 786 
Ives' work, 790 

political conventions, 1924, 786 
report on, 1903, 784 
Types A and B, 790 
Teletype ® Corporation, 760 
Teletypewriter. See TTV 
Television 


Gray's work, 922 
Ives' work, 790 
studio interconnection, 796 
transmission, 908 
Terminal strips, 529 
Terminating cable, 228 
Ternary permalloy, 803, 981 
Tesla, 357 
Test sets 
carrier, 316 

No. 4 Morse board, 739, 740 
panel office, 596 
Textiles, 992 
Thayer, H. B., 495 
Theory 

amplifier noise, 910 
communications, 243, 726, 900 
hearing, 939 
information, 909 
modem physics, 986 
network, filter, 272, 906 
sampling inspection, 881 
sound, 934 
traffic, 541, 923 
transformer, 825 
transposition of lines, 205 
Thermal noise, 910, 911 
Thermionic emission, 967 
Thermionic tube. See Tube 
Thermocouple, 456 
Thermophone, 930 
Thevenin's theorem, 889 
Thompson, F. D., 862 
Thompson, G. K. 
coin box, 160 
handsets, 144 
selective ringing, 122 
Thompson, S. P., 244 
Thomson, G. P., 1000 
Thomson, W. See Kelvin 
Three- wire (TRS) circuit, 555 
Thresholds, hearing, 936, 938 
Through board, 641 
Thumper for calling, 115 , 116 
Thuras, A. L., 183 
Thurber, H. F., 856 
Ticket. See Toll ticket 
Tie lines. See Private lines 
Timber inspection, 859 
Timber poles, 200 , 201, 232 
Time-division multiplex, 639 
Timing calls, 624 
Tin 

cable sheath alloy, 959 
capacitor electrode, 832 
foil manufacture, 833 
Tip cable, 228 
Tip test for busy, 494 
Tip, ring, sleeve, 513 
Titanic, 353 

Todd, Reverend John, 477 
Toll board 

No. 1, 641, 643 , 645 , 646 
Nos. IB, 2, 9C, local lineup, 642 
No. 3, 645, 648 , 649 
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No. 11, 649 
signaling, 642 
Toll centers, 647 
Toll ticket, 619 
Morse system, 637 
single vs. two, 622 
transport, 621 
Toll traffic 

AT&TCo long range plan, 1885, 616 
coin box, 161 
definition, 615 
early lines, 615 
growth, 656 
rates, 618, 629 
Routing. See Routing 
service speed, 657, 658 
signaling, 630, 639 
switching plan, 647 
transmission, 643 
trunks, 620, 622, 630, 642 
Tone. See Signaling 
Toroidal cores, 84, 830 
Toronto Globe, 15 
Tract, vocal. See Speech 
Traffic. See also Toll traffic 
AT&TCo, 1905, 42 
Blood, 896 

concentration, 505, 617 
cost studies, 546 

curves and blocking probabilities, 541, 543 
definition, 535 
engineering, 536 
equalization, manual board, 531 
Erlang, 923 
Molina, 540, 923 
Poisson statistics, 541 
random, 470 
Rorty, 539, 896 
Transatlantic radiotelephony 
amplification needs, 414 
field strength survey, 460 
HF service, 409 
LF service, 391, 400, 405 
rates, 401 
stations, 400, 410 
system study, 414 
talker level, 418 
Transatlantic telegraph cable 
Cyrus Field, 1858, 725 
loading, 802 
signaling speed, 726 

Transatlantic telephone cable. See also Submarine 
cable 

attenuation, 814, 889 
unrepeatered, 814 

Transcontinental telephone lines, 1915 
bandwidth, 262 
loading, 262 
physical plant, 262 
rates, 264 
repeaters, 261 

Transducer. See Microphone; Transmitter, tele- 
phone 

Transformers 
audio, 826 

carrier frequency, 829 


core loss, 809 
delay distortion, 829 
design, network approach, 826 
early telephone patent, 816 
hybrid, phantom circuit, 238, 247, 250 , 819 
line matching, 105, 817 
manufacture, 824 
permalloy core, 802, 825 
power vs. communication, 800, 820 
signaling through, 633 
stray field, leakage, 826 
terminology, 817 
theory, 820, 826 
toroidal vs. spool, 822 
tube circuit, 821 
windings, treatment, 822 
Transient. See Speech 
Translator (switching), 580, 924 
Transmission, line. See also Cable; Carrier; Line 
and station apparatus, 61, 336 
articulation, subjective tests, 303, 309 
costs, 1900, 235 
early problems, 196 
error, digital, 1930, 780 
loss, specification, 1930, 309 
master reference system, 308 
measurements, 303 
program, high-fidelity, 295 
review, 1915-25, 765 
review, pre-1876, 473 
review, telegraph, 1905-30, 764 
single sideband. See Sideband 
telephone vs. telegraph, 198 
transcontinental, 1920, 323 
units, 307. See also Decibel 
videophone, TV, 793, 794 , 908 
Transmitter, radio 
antenna, 424 
broadcast, 441, 448 
frequency control, 441 
modulation, 439 

power tubes, 397 , 398 , 403, 404 , 411, 438, 849 
spark, 356, 384 
stations, 401, 407, 410 
WECo broadcast sets, 443, 444 
Transmitter, telephone 
Berliner's steel ball, 70 
capacitor, 1877, 179 
capacitor, high quality, 179 
carbon. See Carbon transmitter 
characteristics, 1890-1920, 99, 101 
current boost for toll, 622 
Edison vs. Bell, 69 
electromagnetic reciprocal, 63 
fidelity, 100 
instability, 144 
iron box, 88 
liquid, 1876, 11 , 13, 65 
moving coil, 189 

No. 618 electromagnetic, 1930, 189 
Reis, magnetostrictive, 66 
review, 1877-1912, 81 
terminology, 67 
Transpacific radio, 424 
Transposition. See also Crosstalk 
and carrier systems, 329, 334 
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and phantom circuits, 238,335 
ABC, 331, 332 
Barrett, 205 
cable pairs, 326 
Carty theory, 205 
interval, 332 
Phoenixville tests, 330 
principles, 332 
TRS circuit, 555 
Trunk 

definition, 470 
intertoll, 616 

one vs. two way, 507, 629 
toll recording and connecting, 471, 472 , 
620 

toll switching, 620 
vs. loops, 343, 470 

Trunk plan, 505, 537, 574, 579, 581, 923 
TTY (printing telegraph; machines antedating the 
term "teletypewriter" also indexed here) 

12 and 13 type sets, 752, 753 

14, 15 and 19 type sets, 761, 762, 763 

19th century, 724 

cipher or encrypting, 754 

codes, 725, 747 

designs, Morkrum and WECo, 761 
exchange, TWX, 784 
keyboard, 747 
Morkrum Co., 759, 763 
multiplex, 755 
non-Bell designs, 758 
private networks, 746, 780 
rotating sender, 748, 749 
start-stop operation, 746 
Teletype ® Corporation, 760 
terminology, 760 

vs. hand telegraphy, 739, 741, 751 
TU (transmission unit), 307. See also Decibel 
Tube (electron, thermionic, vacuum) 
and Richardson theory, 969 
101 or L, 102 or V, 766, 841 
101D, review, 842 
203 or ], 205 or E, 845 
211 and 212, 438 
220, 228, 232, 443 
amplification factor, 971 
amplifier, 256, 264 
Arnold's vision, 970 
B and C batteries, 705 
Bell types, 1920s, 841 
cathodes, 372, 438, 849 
de Forest's audion, 258, 356 
design features, 800, 840 
filament, coated, 842, 974 
filament, platinum, 841 
first repeater use, 261 
Houskeeper seal, 397, 849 
indirect heated cathode, 849 
lifetimes, 1913-25, 841 
M type, 842 

materials problem, 840, 841, 970, 974 
modulator, 261, 364 
oscillator, 261, 312 , 776 
peanut, miniature, 841 
ruggedized, 379, 380 , 845 
shot noise, 910 


Stone, 1912, 364 
transformer circuits, 821 
unipotential cathode, 849 
van der Bijl analysis, 262 
voltmeter, 319, 320 
vs. arc or alternator, 365 
VT-1 and 2, 845 
water cooled, 397, 398 , 849 
WECo codes, 842 
Tulsa, Oklahoma, 293 
Tuned 

circuits, 277, 354 
reed telephone, 7, 12 
relay, 634 

Tungar rectifier, 706 
Tungsten filament, 529 
Turner-Armour booth, 165 
Twisted pair 

A. G. Bell patent, 212 
in cable, 217, 326 
in transformer, 826 
Two-wire. See Metallic 
TWX. See TTY 
Type-wheel printer, 744 

Underground cable, 221, 238, 249 

Underwater cable. See Submarine 

Underwater sound, 935 

Unipotential cathode, 972. See also Cathode 

United Press, 746, 780 

Universal 

cord circuit, 667, 668 
power machine, 704 
switch, WECo, 485, 491, 816 
type key, 516, 517 
Universal service, 60, 616 
University and industry, 826, 971, 986 
U.S.S. See Ship 

Vacuum 

impregnation, 834 
lightning arrestor, 340 
manometer, 972 
tube. See Tube 
Vail, Alfred, 520, 717 
Vail, T. N. 

and Doolittle, copper wire, 203 
General Manager, Bell, 29 
President, AT&TCo and Western Union, 34, 36 
protective fuse, 340 
R and D Dept., 1907, 42, 897 
Western Union merger, 742 
Valve. See Tube 
van der Bijl, H. J. 1913, 912 
CRT focusing with gas, 322 
electron emission, 971 
modulation, 366 
vacuum tube, 262 
van Rysselberghe, multiplex, 240 
Vanni, radio pioneer, 362 
Varley, C. F., 240 
Vaschy, A., 244 
Vault, cable, 531 
Velocity of propagation, 272 
Vernam, G. S., 754 
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Vibrating reed telephone, 8 

Vibrator, 310 , 312, 694 

Videophone, 793 

Village switching system, 546 

Visible speech, 2, 927 

Visual display of numbers, 595 

Visual display, large, 793 

Vitamin Bl, 987 

Vocal tract. See Speech 

Vocoder, 954 

VODAS, 416 

Voder, 954 

VOGAD, 419 

Voice. See Speech 

Voice talkoff, 634 

Voice-actuated devices, 416. See also VODAS; 

VODER 

Voice- band signaling, 634 

Voice-frequency carrier telegraphy, 772 

Voiced sounds, 946 

Voltmeter, vacuum tube, 319, 320 

Volume indicator, 295, 320, 321 . See also VU meter 

Volume, talker, 150 

von Lieben, 258, 364 

Vowel sounds, 947 

Vreeland oscillator, 311 

VT-1 and 2 tube, 372, 845 

VU meter, 295, 320, 321 

W.A.C., 344 

Wages. See Operator, telephone 
Walker, A. C., 1923, 986 
Walker Street, New York City, 428, 449 
Walker-Lispenard Building, 584 
Wall telephone, 128, 166 
Walworth Manufacturing Co., 15 
Wanamaker's, 427 
War 

telegraph in Civil, 721 
WW I, government control, 584 
WW I, militarv work, 175, 371, 845, 935 
WW II, cipher machine, 755 
Warble tone, 312 
Warner, E. P. and J. C., 493 
drop, 518 
plug and jack, 513 

Warranted annual charge. See W.A.C. 

Warren, H. S., 818 
Washington, D.C. 

broadcast signal survey, 461 
loaded cable line, 1912, 251 
station WCAP, 430 
telegraph lines, 1844, 719 
toll lines, 1883, 34 
Watch case receiver, 93, 94 
Water cooled 
microphone, 186, 293 
tubes, 397, 443, 849 
Waterproof cable, 216, 229 
Waterson, K. W., 427 
Watson, T. A. 

and quick-acting magnet, 16 
buzzer, 1878, 116, 117 
equity in 1876 company, 15 
first telephone message, 12 


landlady problem, 163 
left telephone field, 28 
magneto ringer, 119 , 491 
polarized call bell, 116, 118 
pre-1881 responsibility, 28 
telephone invention, 7 
thumper for calling, 115 , 116 
transformer, 1880, 816 
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